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S-palmitoylation is a reversible posttranslational modification, and the
palmitoylation reaction in human-derived cells is mediated by the zDHHC
family, which is composed of S-acyltransferase enzymes that possess the
DHHC (Asp-His-His-Cys) structural domain. zDHHC proteins form an
autoacylation intermediate, which then attaches the fatty acid to cysteine a
residue in the target protein. zDHHC proteins sublocalize in different neuronal
structures and exert dif-ferential effects on neurons. In humans, many zDHHC
proteins are closely related to human neu-rological disor-ders. This review
focuses on a variety of neurological disorders, such as AD (Alz-heimer's
disease), HD (Huntington's disease), SCZ (schizophrenia), XLID (X-linked
intellectual disability), attention deficit hyperactivity disorder and glioma. In
this paper, we will discuss and summarize the research progress regarding the
role of zDHHC proteins in these neu-rological disorders.

KEYWORDS
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1 Introduction

Protein S-acylation is the posttranslational modification of proteins by long-chain fatty
acids with different carbon contents, such as myristic acid (C14:0), palmitic acid (C16:0),
palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), arachidonic acid (C20:4),
and eicosapentaenoic acid (C20:5) (Nuskova et al., 2023). Among them, palmitoleic acid
(C16:1) modifications are very common, so protein S-acylation is also commonly referred to
as protein palmitoylation (De and Sadhukhan, 2018). Palmitoylation was first reported in
1979 (Schmidt and Schlesinger, 1979), and at least 3,500 proteins are known to be
palmitoylated at more than 9,000 palmitoylation sites (Zhou et al, 2019). There are
three main functions of palmitoylation. First, palmitoylation increases the
hydrophobicity of a protein, leading to changes in conformation, stability, localization,
and binding affinity to cofactors (Yang et al, 2020). Second, palmitoylation ensures
structural integrity and the proper folding of proteins and restricts faulty protein
synthesis and ubiquitination-mediated protein degradation (Wang et al., 2020). Finally,
palmitoylation affects the transport of membrane-associated proteins from early secretory
sites to appropriate cellular destinations by regulating protein interactions (Hao
et al.,, 2020).

Traditionally, palmitoylation can be classified into N-palmitoylation,
O-palmitoylation, and S-palmitoylation depending on the site of modification.
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However, it is worth noting that of the three modifications, only

S-palmitoylation is a reversible, dynamically regulated
posttranslational modification that can be completed in
while N-

irreversible (Rocks et al., 2010). Since S-palmitoylation occurs

seconds to hours, and O-palmitoylation are
more often due to its reversible nature, protein palmitoylation is
commonly refers to S-palmitoylation (Das et al., 2021). The
S-palmitoylation reaction in eukaryotic cells is mediated by
PATs (protein acyltransferases). These PATs usually contain
DHHC

tetrapeptides and zinc finger structural domains and are

conserved (aspartate-histidine-histidine-cysteine)
therefore defined as proteins belonging to the zDHHC family
(Lemonidis et al., 2015). Over the past few years, the relationship
between zDHHC family proteins and neurological disorders,
including intellectual disability, HD (Huntington’s disease)
and (SCZ) schizophrenia, has been explored by using cell
culture, animal models, and zDHHC-deficient mice (Jin et al.,
2021). In this review, we will summarize recent findings on the
role of zDDHC in neurological diseases and discuss the
therapeutic potential of compounds targeting zDHHC activity.

2 The zDHHC family of protein
acyltransferases

2.1 The discovery of zDHHC proteins

Originally, palmitate was found to be present in cells as CoA
(palmitoyl-coenzyme A). However, the concentration of free
unbound acyl-CoA was not sufficient for spontaneous
S-palmitoylation (Faergeman and Knudsen, 1997). Therefore,
researchers have speculated that the palmitoylation of proteins
mainly relies on the action of enzymes. To support this view,
Erf2p, an enzyme catalyzing cysteine acyl transfer to Ras2, was
discovered in 2002 and was defined as the first PAT (Lobo et al.,
2002). Subsequently, a of PATs, including HIP14

(Huntington-interacting proteins 14) (Lemarie et al, 2021),

series

SERZ-beta (Sertoli cell gene with a zinc finger domain-beta)
(Fang et al., 2006), and HIP14L (Huntingtin-interacting protein
14-like) (Lemarie et al., 2021), have been reported to play a catalytic
role in palmitoylation. Finally, it was concluded that palmitoylation
is catalyzed by low-abundance, polytopic eukaryotic integral
membrane PATs (Rana et al., 2019).

Structurally, it was found that the common feature among
PATs is a highly conserved structural domain containing DHHC
(Rocks et al., 2010). This is why some articles refer to PATs as
DHHC proteins (Ladygina et al., 2011). However, this DHHC
domain also coordinates the folding of the two Zn** atoms in the
zinc finger structural domain, which is essential for the structural
stability of PATs (Gonzalez Montoro et al., 2013). Therefore,
more authors have classified the family of PATs containing
DHHC structural domains as zDHHC, and this nomenclature
is used throughout the remainder of this review. At present, there
are 23 different zDHHC isoforms in the mouse and human
proteome databases, named zDHHCI1 to zDHHC24, skipping
zDHHCI10. All of the zDHHC proteins exhibit different self-
acylation abilities and different levels of catalytic efficiency
(Malgapo and Linder, 2021).
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2.2 The structure of zDHHC proteins

The representative structure of zDHHC proteins includes the
TMD (transmembrane domain) and several conserved domains,
such as DHHC, DPG (Asp-Pro-Gly), TTXE (Thr-Thr-x-Glu), and
Montoro have identified a motif at the C terminus of DHHC
enzymes that they have named the palmitoyltransferase
conserved C-terminus (PaCCT) motif (Gonzilez Montoro et al.,
2009). Most zDHHC isoforms contain four TMDs (Rana et al.,
2019). However, according to topology prediction studies, some
zDHHC members may deviate from the traditional four-TMD
construction. For example, zDHHC4 and zDHHC24 are
predicted to have five TMDs, while zDHHCI13, zDHHC17, and
zDHHC23 are predicted to have six TMDs (Zaballa and van der
Goot, 2018) (Figure 1). The helices of TMDs form a cavity structure
that allows fatty acyl chains to be bound. This structure shared
among all members of the zDHHC family.

The DHHC domain is also known as the CRD (cysteine-rich
domain) because it contains 50 conserved cysteine and histidine
residue fragments. It is an important structure for catalytic reactions
(Rana et al,, 2019). The zinc finger motifs shared by all zDHHC
family members form a tetrahedral coordination environment for
Zn** with three cysteines and one histidine of the CRD (Bonchuk
et al.,, 2022) (Figure 2). This structure constrains the active site of
DHHC so that Zn>" is not directly involved in catalytic reactions
when located in this space (Reddy et al., 2017). However, the lack of
direct involvement does not mean that Zn** is dispensable for
zDHHC protein-mediated S-acylation. By analyzing the activity
of zDHHCS3, the binding of Zn>" to cysteine residues in the CRD
was determined to be needed for the structural integrity of zZDHHC
proteins (Gottlieb et al., 2015). Although the CRD is an important
structural domain for catalytic reactions, several studies suggest that
the CRD is not involved in the specific recognition of protein
substrates (Malgapo and Linder, 2021). The role that the CRD
plays in substrate specificity remains unclear, and future in-depth
studies could be carried out on CRD-substrate complexes.

Both the C- and N-terminal ends of zZDHHC proteins are located
in the inner cell membrane as C- and N-terminal cytoplasmic tails.
These cytoplasmic tails are the regions with the greatest sequence
diversity within the zDHHC protein and mediate protein—protein
interactions, particularly facilitating substrate interactions and thus
the acyl transfer process (Jiang et al., 2018). Although the C-terminal
structural domain is more variable in zZDHHC enzymes than the
CRD, this region also contains the TTXE motif and the PaCCT
motif, two structural domains that are to some extent conserved
throughout the zDHHC family. TTXE is a motif located in the short
helix segment (a'1) after TMD4, where x is any amino acid residue.
The Thr241 of TTxE binds to the Asp of CRD with hydrogen bonds,
and it was shown that the substitution of TTXE by the Ala-Ala-X-
Glu (AAXE) mutant significantly reduced enzymatic activity (Rana
et al, 2018a). In contrast, two mutated forms (I1182S/L184V or
M189L/V190C) in relatively conserved sequences outside of the
TTxE motifs in zDHHC3 and zDHHC? did not affect zDHHC
enzymatic activity (Greaves et al., 2017). Thus, the exact chemical
effect of this contact between TTXE and CDR on catalysis is not yet
clear. Similarly, the PaCCT motif is conserved in most zDHHC
enzymes, with the third and 11th residues being the most conserved
among the 16-residue motifs (Zaballa and van der Goot, 2018). The
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The transmembrane domain and conserved sequences of the ZDHHC family. (A) Most ZDHHCs possess 4 TMDs and DHHC-CDR sequences that

are located before TMD3. The proteins are mainly distributed in the Golgi, endoplasmic reticulum, and plasma membrane. (B) ZDHHC4 and
ZDHHC24 have 5 TMDs, and the DHHC-CDR sequence is located before TMD3. They are mainly found in the Golgi and endoplasmic reticulum. (C)
ZDHHC13, ZDHHC17 and ZDHHC23 have 6 TMDs, and the DHHC-CDR se-quence is located before TMD4. They are mainly found in the Golgi,

endoplasmic reticulum, and plasma membrane.

FIGURE 2

Tetrahedral coordination environment of zZDHHC-CRD. One of the purple spheres carries epitaxial Zn?*. Three Cys and one His are bound around

the spheres.

PaCCT of human zDHHC20 has 16 residue motifs (Asn257-
Gly272), among which Asn266 highly conserved interacts with
the hydrogen bonds of the Leu261 backbone and the Ser260 side
chain, and Asn266 may play an important role in the structural
integrity of the enzyme (Stix et al., 2020).

Frontiers in Pharmacology

3 The catalytic mechanism of zDHHCs

Generally, PATs palmitoylate their substrates using a two-step

catalytic mechanism, often referred to as the “ping-pong”
mechanism (Rana et al, 2018a) (Figure 3A). In the first step,
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FIGURE 3

Structural illustrations of zDHHC-mediated protein palmitoylation. (A) Two-step catalytic mechanism of zDHHC proteins. CoA binds to the

cysteines of long-chain fatty acids to form fatty acyl-CoA. The first step of fatty acyl-CoA facilitates the autoacylation of zDHHC at the membrane, which
causes fatty acid lipids to bind to sulfhydryl groups in the cysteine-rich region of zZDHHC. The second step brings the cysteine-carrying substrate close to
the cell membrane, ultimately binding the fatty acid to the substrate protein. (B) Structure of human zDHHC20 palmitoyltransferase, irreversibly
inhibited by 2-bromopalmitate. The surface structure of zZDHHC20 is gray (PDB entry 6BML (Rana et al., 2018b)), 2-bromopalmitate is colored by element
(C-yellow, H-gray, O-red), and the side chains involved in the zZDHHC20-CRD catalytic triplex are indicated by small rods and colored by element
(C-purple, H-gray, N-blue, O-red, S-yellow). 2-Bromopalmitate irreversibly binds with zZDHHC20 and promotes the alkylation of cysteines on DHHC
motifs to inhibit autopalmitoylation. (C) The structure of human zDHHC20 (PDB entry 6BML (Rana et al., 2018b)) is indicated in PyMOL. TMD 1-4 is
indicated as a green helix. The two zinc ions are represented as grayish purple spheres. Side chains involved in the zDHHC20-CRD catalytic triplex are
represented by small rods and colored by element (C-purple, H-gray, N-blue, O-red, S-yellow). (D) The crystal structure of human zDHHS20 bound to
palmitoyl coenzyme A [PDB entry 7KHM (Lee et al., 2022)] is indicated by PyMOL. The zDHHC surface structure is gray, palmitoyl coenzyme A is colored
by element (C-orange, H-gray, N-blue, O-red, S-yellow), and the fatty acyl chain is inserted into a hydrophobic pocket within the transmembrane region
of the protein. The zDHHC20-CRD catalytic triplex involves a side chain indicated by a small bar that is colored by element (C-purple, H-gray, N-blue,

O-red, S-yellow). zDHHC binds to palmitoyl coenzyme A, and the cysteine at position 156 becomes a serine.

autopalmitoylation ccurs in the zDHHC cysteine side chain, which
triggers the rapid transfer of palmitic acid to this site and the
formation of a palmitoyl-enzyme intermediate. In the second
step, this intermediate binds to the substrate, resulting in a
slower reaction step in which the acyl chain is transferred from
the zDHHC protein to the Cys on the substrate protein. Eventually,
zDHHC is regenerated and ready for the next reaction (Rana
et al., 2018a).

3.1 Autopalmitoylation of zDHHC proteins

By mutating the cysteine side chain of zDHHC proteins and
performing mass spectrometry on some zDHHCs, the autopalmitoyl
site was found to be located on the cysteine side chain of DHHC
(Collins et al., 2017). A classical inhibitor of palmitoylation, 2-BP (2-
bromopalmitate), suppresses autopalmitoylation by promoting the
alkylation of cysteines in the DHHC region, further confirming that
DHHC the a key site for catalysis reactions (Rana et al., 2018a)
(Figure 3B). The zDHHC protein crystal structure was first

discovered in human zDHHC20 and zebrafish zDHHCIS5,
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revealing the structural basis of autopalmitoylation (Lan et al,
2021). The active site in zDHHC20 is composed of Aspl53,
His154, and Cysl156, which form a linear catalytic triad-like
arrangement (Figure 3C). Asp153 polarizes His154, which acts as
a universal base and deprotonates Cys156 into a thiolate during
palmitoylation. The activated cysteine then acts as a nucleophile,
attacking the fatty acyl-CoA carbonyl carbon. After the above series
of reactions Cys156 of the ZDHHC20 active site is changed to Ser156
(Figure 3D), and the ZDHHC-palmitate intermediate is prepared for
the next step (Malgapo and Linder, 2021).

3.2 zDHHC protein substrate recognition

Currently, the specific recognition of substrates by zDHHC
proteins can be explained in two ways. First, all members of the
zDHHC family have specific sequences at their N- or C-terminus
that correlate with recognition. For instance,
zDHHC13 and 17 have anchor protein repeats near their

substrate

N-termini that are conjugated to Huntington proteins in neurons

(Philippe  and  Jenkins, 2019), while zDHHC5 and
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zDHHCS8 recognize specific substrates through their C-termini PDZ
domain (Thomas et al., 2012). Second, the specific structure and
amino acid sequence of the substrate can affect their recognition by
zDHHC:s. For example, amino acids 93-111 in SNAP25 are a flexible
molecular spacer that ensures efficient coupling of SNAP25 to the
zDHHCI17 interaction and S-acylation of SNAP25 (Salaun et al.,
2020). Finally, there is still a lack of important evidence linking
specific proteins to specific ZDHHCs, which should be explored in
the future.

4 Role of zDHHCs in neurobiology

Protein palmitoylation regulates the differentiation of neural
progenitors into neurons and promotes axonal and dendritic
growth, which is essential for neuronal development (Koster and
Yoshii, 2019). In mature neurons, palmitoylation dynamically
regulates protein localization and transport between the synaptic
membrane and intracellular compartments, such as the Golgi
apparatus and ER (endoplasmic reticulum), during synaptic
2023). As
palmitoylation, the function of zDHHCs is closely related to its

plasticity (Buszka et al, the key enzyme of

distribution within neurons, which in turn affects synapse function.

4.1 zDHHC in neuronal cytosol

Neuronal development and plasticity are inextricably linked to
zDHHC regulation (Kerkenberg et al., 2021b). zDHHC is located in
multiple membrane regions associated with the ER, Golgi apparatus,
and plasma membrane (PM) (Globa and Bamji, 2017). Only a few
zDHHCs, such as zDHHC5, zDHHCS, and zDHHCI14, are highly
distributed in the PM. Early biochemical and localization studies
suggested that most zDHHC enzymes reside in the ER and Golgi
apparatus (He et al., 2014). With more research, it was found that
most Golgi-localized zDHHCs are concentrated in the cis-Golgi
(Ernst et al., 2018). Since zDHHC plays an important role in the
nervous system, the subcellular localization of zDHHC in neurons
and the related functions have also become research focuses.

4.1.1 zDHHCs and the Golgi apparatus

The Golgi plays a sorting role in the secretory pathway, and the
Golgi is where most palmitoylated substrates are first palmitoylated
and then transported to other subcellular organelles, such as the PM
(Rocks et al., 2010). A variety of zDHHCs play important roles in the
Golgi. The zDHHC17 enzyme present in the Golgi can palmitoylate
the protein kinase TrpM7 and regulate embryonic development and
the pathogenesis of several common diseases (Gao et al., 2022). The
Golgi-localized palmitoyltransferase zDHHC21 has been identified
as a key enzyme controlling an acylation-dependent dual ciliary
targeting pathway (Kumeta et al, 2018). There are dramatic
differences in the substrate affinity and S-acyltransferase activity
of zDHHC enzymes. zDHHC17 and zDHHCI3 are efficient at
protein binding, and zDHHC 3 and zDHHC 7 are efficient at
protein S-acylation (Lemonidis et al., 2014). zDHHC17 and
zDHHCI13 exhibit very strong substrate specificity (Lemonidis
et al., 2017). zDHHCI17 and zDHHCI13 in the Golgi interact with
CALCOOL1 and participate in the phagocytosis of advanced bodies
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(Nthiga et al, 2021). zDHHC3 and zDHHC7 have different
specificities for different substrates, mainly related to their
localization in the cis-Golgi and trans-Golgi regions (Kilpatrick
et al, 2016). The role of Golgi-residing z-DHHCs in neuronal
cells has also been demonstrated. Among zDHHCs, zDHHC3 is
stably localized in the Golgi apparatus (Niki et al, 2023).
JAK1 palmitoylation is important for neuronal cell medium-
dependent signaling and neuronal survival, and zDHHC3 or
zDHHC7 can bind to palmitoylated JAK1 (Hernandez et al,
2023). zDHHC?7 affects anxiety-related behaviors only in females,
a finding that may be used to understand the differences in hormone
receptors, neuronal morphology, synaptic plasticity, and molecular
signaling pathways between males and females (Kerkenberg et al.,
2021a). Disruption of the interaction between SNAP25 and
zDHHCI17 leads to the loss of stable membrane binding of this
protein in neuroendocrine cells (Greaves et al., 2022).

4.1.2 zDHHCs and the ER

The ER is the site of the production of all transmembrane
proteins and lipids, including those localized in the ER itself, the
Golgi apparatus, lysosomes, intracellular vesicles, the PM, and
extracellular compartments. Proteins in the secretory pathway
contain many disulfide bonds and functional cysteines at the
S-palmitoylation site (Bechtel et al., 2020). There are also
proteins in the ER that can be dynamically regulated by
palmitoylation (Harada et al., 2020). Dynamic coupling between
mitochondria and the ER forms a new subcellular structure, the
MAM reticulum
membrane), which is  strongly implicated in  NDs
(neurodegenerative disorders) (He et al., 2023). The ER can be
coupled to mitochondria in addition to being tethered to the PM via

(mitochondria-associated ~ endoplasmic

junctophilins (JPH1-JPH4). It is essential for Ca regulation to trigger
neuronal excitability as well as Ca homeostasis in nonexcitable cells.
Palmitoylation may also enhance the tethering of the ER to the PM
by Junctophilins (Jiang et al, 2019). SelK (Selenoprotein K)
of the palmitoylated fatty acid
transporter enzyme CD36 from the ER to the Golgi, thereby

accelerates the transport
promoting the PM distribution of CD36 in vivo and in vitro
(You et al.,, 2022). zDHHCS6 present on the ER membrane forms
a SelK/zDHHC6 complex with SelK, an ER transmembrane protein
that has been shown to be important for ER stress and calcium-
dependent signaling, which catalyzes the transfer of fatty acids, such
as palmitic acid, to the cysteine residues of target proteins to initiate
palmitoylation. This process may be involved in the molecular
mechanisms that modulate immunity and cancer (Marciel and
Hoffmann, 2019).

4.2 zDHHCs in neuronal dendrites

zDHHCs affect dendrite growth and branching. Synaptic
activity upregulates the expression of miR-134 (microRNA-134),
which regulates dendrite growth and spine formation. miR-134
directly interacts with the mRNA encoding the palymitoyl
transferase zDHHCY9. miR-134 suppresses the expression of
targets such as zDHHC9 and thus the membrane localization of
key signaling molecules (Chai et al.,, 2013). zDHHC9 deficiency in
hippocampal cultures results in shorter dendritic spindles and fewer
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inhibitory synapses, and zDHHC9 promotes dendritic growth by
palmitoylating the GTPase Ras and inhibiting synapse formation by
palmitoylating the other GTPase TC10 (Shimell et al, 2019).
Knockdown of zDHHCI5 in primary rat hippocampal cultures
reduces dendritic growth and branching. In addition, knockdown
of zDHHCI5 reduces palmitoylation of PSD-95 and its trafficking to
dendrites, resulting in an overall decrease in the density of excitatory
synapses formed on mutant cells (Shah et al., 2019). zDHHCs also
play a role in dendritic pruning and refinement. zDHHCI15 is
needed for Sema3F/Nrp2 (secreted semaphorin 3F/neuropilin-2)-
dependent dendritic spine pruning and is a Sema3A/Nrpl
Dendritic
refinement is a necessary process (Koropouli et al, 2023).
zDHHCs affect related proteins.
zDHHCI17 palmitoylation is essential for the localization and

(semaphorin  3A/neuropilin-1)-dependent substrate.

also dendritic
function of ankyrin-B in dendrites (Gupta and Jenkins, 2023).
zDHHCS8 increases the stability of AnkG-190 (190 kDa isoform)
dendrites (Piguel et al., 2023). Neuronal activity also mediates the
regulation of dendritic palmitoylation by zDHHCs. With altered
neuronal activity, zDHHCS5 is internalized from the synaptic
membrane to the dendritic shaft and contributes to dendritic
shaft §-catenin palmitoylation (Brigidi et al., 2015).

4.2.1 zDHHCs and glutamate receptors

In the vertebrate central nervous system, GluR (glutamate
receptors) play a central role in excitatory synaptic transmission
and plasticity in the brain and are critical for memory formation,
learning, emotion and behavior (Sohn and Park, 2019). GluRs are
composed of ionotropic and metabotropic GluRs (mGluRs and
iGluRs). Among them, iGluRs mainly include AMPARs (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate-type receptors)
and NMDARs (N-methyl-D-aspartate-type receptors), which are
mainly responsible for glutamate-mediated postsynaptic excitation
of neurons (Mori and Mishina, 2003).

Palmitoylation regulates the synaptic expression, intracellular
localization, and membrane trafficking of iGluRs in neurons, and
the dysregulation of iGIuR palmitoylation can lead to brain
disorders such as seizures (Hayashi, 2021). AKAP150 (A Kinase-
anchored protein 150) organizes kinases and phosphatases to
regulate AMPARs, which are critical for synaptic plasticity.
Palmitoylation of AKAP150 controls its subcellular localization to
maintain palmitoylation of AKAP150 to maintain proper basal and
activity-dependent regulation of synaptic AMPAR subunit composition
(Purkey et al., 2018). Upregulated expression of ZDHHC2 contributes
to the upregulation of AKAP150 palmitoylation and accumulation of
the AMPAR GluAl
demonstrating a potential therapeutic strategy for persistent pain
and inflammation (Li et al, 2021). NMDARs play a key role in
synaptic signaling in HD. In the YACI28 mouse model, enhanced
activity of extrasynaptic 2B-NMDAR (GluN2B-type NMDAR) in
striatal neurons leads to increased activation of the cell death

subunit in inflammation model mice,

pathway, which predisposes the striatum to degeneration. Altered
regulation of GIuN2B palmitoylation levels by zDHHCI17 may
contribute to the cell death signaling pathway in HD (Kang et al., 2019).

zDHHC3 can modulate the synaptic clustering of glutamate
receptors (Shah et al, 2023). Moreover, overexpression of
zDHHCS3 leads to the overpalmitoylation of the AMPAR subunit
GluAl, preventing its activity-dependent migration to the PM. As a
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result, the AMPAR current amplitude decreases, inhibiting synaptic
plasticity and hippocampus-dependent memory and, therefore,
affecting learning and memory (Spinelli et al., 2017). Abnormal
GluAl palmitoylation of synaptic AMPARs leads to
hyperexcitability and thus to seizures (Itoh et al., 2018). zDHHC
regulation of AMPARs GluA1 must be at an appropriate scale when
treating pain to ensure that it does not affect learning and memory
or induce seizures. It was also found that zZDHHC3 is a target of miR-
134-3p. miR-134-3p is involved in aluminum neurotoxicity by
targeting the zDHHC3-AMPARs axis, which could serve as a
potential biomarker or useful target (Song et al., 2023).

In addition to its role in iGluRs, zDHHC:s play an important role
in the regulation of mGluRs. Palmitoylation of Era (estrogen
receptor o) and Erp (estrogen receptor B) in the nervous system
is needed for membrane surface localization and the mediation of
downstream signaling via mGluR activation (Meitzen et al., 2019).
zDHHC7 and zDHHC21 have been implicated in this signaling
mechanism (Tonn Eisinger et al., 2018).

4.2.2 zDHHCs and scaffold proteins

Scaffold proteins regulate coordinated neurotransmission by
immobilizing and aggregating receptors and adhesion molecules.
zDHHCs can mediate a variety of scaffolding proteins, which in turn
affects neural signaling. Gephyrin is a core scaffolding protein of
many inhibitory synapses that aggregates glycine as well as a major
subgroup of GABA receptors, GABAARs (GABA type A receptors).
Palmitoylation of gephyrin by zDHHCI2 contributes to the
dynamic and functional regulation of GABAergic synapses
(Dejanovic et al., 2014). Ankyrin-B is an intracellular scaffolding
protein that is localized in dendrites and axons in mature neurons,
and zDHHCI17 is a key mediator of ankyrin-B palmitoylation in
heterologous cells and neurons (Gupta and Jenkins, 2023). Early
study uncovered a critical role for PSD-95 (protein postsynaptic
density protein 95) palmitoylation in regulation of synaptic
AMPARs content (El-Husseini Ael et al., 2002). Increased PSD-
95 palmitoylation is associated with increased levels of surface
AMPARs (Jeyifous et al, 2016). Dynamic modulation of
palmitoylation of PSD-95 can modulate AMPARs (Chowdhury
and Hell, 2019). The scaffolding PSD-95, whose palmitoylation is
mediated by zDHHC-2, -3, -7, and -15, regulates the integration and
stability of AMPAR in excitatory postsynaptic membranes (Shah
et al,, 2019; Liu et al,, 2022). zDHHC2 moves to the postsynaptic
density in an activity-sensitive manner and mediates the
of PSD-95. This
accumulation of synaptic PSD-95 and AMPAR in response to

palmitoylation process increases the
activity blockade, which promotes homeostatic plasticity (Fukata
and Fukata, 2010). The S-acyltransferase zDHHC2 mediates the
dynamic S-acylation of PSD-95 and AKAP79/150, which also affects
the synaptic targeting of AMPA receptors (Salaun et al.,, 2017).
Moreover, IL-6 upregulates the expression of zDHHC2 and
zDHHCS3, thereby promoting the palmitoylation of PSD-95 (Liu
et al., 2022).

4.3 zDHHCs in neuronal axons
Proper axonal growth during nervous system development is

critical for synaptic transmission and nervous sys-tem function.
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TABLE 1 Human neurological disorders and zDHHCs.

Disorder

zDHHC
isoforms

Disease related
substrate

Specific substrate

Subcellular
localizations

10.3389/fphar.2023.1342830

Major expression
patterns in the
brain

Alzheimer’s disease

Huntington’s disease

X-linked intellectual
disability

zDHHC7

APP

PSD-95, GAP43, SNAP25, SNAP23, Gas, Gaq,
Gai2, CSP, GABAAg2, eNOS, STREX, Fyn,
BACE], NDEI1, NDEL1, NCAM140, sortillin,
DE10A2, CSP, GABAAg2, eNOS, NCAM,
Neurochondrin, APP, Stathmin 2/SCG10,
PPT1

Golgi

cortex, olfactory bulb,
CA1 hippocampus

zDHHC12

zDHHCI15

zDHHC21

zDHHC13

APP Gephyrin

Fyn APP

Fyn APP

Huntingtin

ABCA1, APP, Gephyrin

PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACEL, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Fyn, eNOS, Lck, ABCA1, APP, Gai2, PI4KIla,
5-HT1AR

Huntingtin, GAD65, SNAP-25

Golgi, ER

Golgi

Golgi

Golgi, ER

CA1 hippocampus

CAL1 hippocampus

CAL1 hippocampus

zDHHC17

zDHHC9

zDHHCI15

Huntingtin
SPRED1 SPRED3

N-Ras, H-Ras TC10

Lck, SNAP25, SNAP23, CSP, Huntingtin,
GluA1/2, GAD65, STREX, PSD-95,
synaptotagmin I, ClipR59, MPP1/p55, JNK,
SPRED1, SPRED3, DAT, TrpM7

Cofactor GCP16, needed for enzymatic
activity, STREX, H-Ras, N-Ras, TC10

PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACEL, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi

Golgi, ER

Golgi

Ubiquitous

Ubiquitous

CA1 hippocampus

Schizophrenia

zDHHC2

PSD-95, SNAP25, SNAP23, eNOS, Fyn,
NDEI1, NDELI, CD151, CKAP4, ABCAL,
GAP43, Tetraspanins, CD9/CD151, CKAP4/
p63, DAT

Golgi, ER

cortex, CA1 hippocampus

zDHHC5

STREX, flotillin-2, GRIP1, d-catenin,
somatostatin receptor 5, §-catenin. EZH2

Membrane

Ubiquitous

zDHHC8

PSD-95 Akt

eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCA1, PICK1, GRIP1, DAT, Akt

Golgi

cortex, olfactory bulb,
hippocampus

zDHHCI18

CDC42

H-Ras, N-Ras; H-Ras, Lck, CDC42

Golgi

Attention deficit
hyperactivity
disorder

zDHHC2

DAT

PSD-95, SNAP25, SNAP23, eNOS, Fyn,
NDEI, NDELI, CD151, CKAP4, ABCA1,
GAP43, Tetraspanins, CD9/CD151, CKAP4/
p63, DAT

Golgi

cortex, CA1 hippocampus

zDHHC3

DAT

PSD-95, SNAP25, SNAP23, Gas, Gaq, Gai2,
CSP, GABAAg2, eNOS, GluA1/2, GAD65,
STREX, Fyn, BACE1, NDE1, NDELI,
NCAM140f, CaMKIg, NR2A/B,
Neurochondrin, DAT, PPT1

Golgi

cortex, olfactory bulb,
hippocampus

zDHHC8

DAT

eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCA1, PICK1, GRIP1, DAT, Akt

Golgi

CAL1 hippocampus

zDHHCI15

DAT

PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACE1, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi

Ubiquitous

zDHHC17

DAT

Lck, SNAP25, SNAP23, CSP, Huntingtin,
GluA1/2, GAD65, STREX, PSD-95,
synaptotagmin I, ClipR59, MPP1/p55, JNK,
SPREDI1, SPRED3, DAT, TrpM7

Golgi

Glioma

zDHHC5

EZH2

STREX, flotillin-2, GRIP1, d-catenin,
somatostatin receptor 5, §-catenin. EZH2

Plasma membrane

Ubiquitous

zDHHCI15

GP130

PSD-95, GAP43, SNAP25b, CSP, GABAAg2,
Fyn, BACEIL, CD151, CIMPR, sortillin, APP,
DAT, GP130, DAT

Golgi

CAL1 hippocampus

Frontiers in Pharmacology

07

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al. 10.3389/fphar.2023.1342830

TABLE 1 (Continued) Human neurological disorders and zDHHCs.

zDHHC
isoforms

Subcellular
localizations

Disease related
substrate

Disorder

Specific substrate

Major expression
patterns in the
brain

zDHHC19 Smad3 R-Ras, Smad3 Plasma membrane

zDHHCI16 SEDT2 SEDT2 ER

Neuronal Ceroid zDHHC3 PPT1

Lipofuscinosis

PSD-95, SNAP25, SNAP23, Gas, Gaq, Gai2,
CSP, GABAAg2, eNOS, GluA1/2, GAD65,
STREX, Fyn, BACEI, NDE1, NDELI1,
NCAM140f, CaMKIg, NR2A/B,
Neurochondrin, DAT, PPT1

Golgi

zDHHC?7 PPT1 PSD-95, GAP43, SNAP25, SNAP23, Gas, Gaq,
Gai2, CSP, GABAAg2, eNOS, STREX, Fyn,

BACEIL, NDE1, NDELI, NCAM140, sortillin,

Golgi cortex, olfactory bulb,

CA1 hippocampus

PPT1

Major depressive zDHHC21 5-HT1AR

disorder 5-HT1AR

zDHHC8 AMPA

Epilepsy

AMPA,DAT

However, little is known about which PATs are present in neuronal
axons. Elucidating which PATSs are present in neuronal axons can
provide insights into their role in synapses. Thus, in 2020,
mammalian DRG (dorsal root ganglion) neurons were utilized to
determine the subcellular distribution of PATs, and only two PATs,
zDHHC5 and zDHHCS, were found to be present in axons (Collura
et al., 2020). Palmitoylation of proteins regulating axon growth and
branching in zDHHCS-deficient mice results in reduced axon
growth and terminal branching, and reintroduction of the active
zDHHCS protein prevents these changes (Mukai et al., 2015). In
addition to the two types of ZDHHC that have been demonstrated in
axons, there are other axon-associated zDHHCs. After ONC (optic
nerve crush), the cell bodies and distal axons of most RGCs (retinal
ganglion cells) are injured. However, zDHHC17 ensures the
integrity of distal axons in healthy optic nerves (Niu et al., 2020).
zDHHCI14 colocalizes with its substrate PSD93 at axon initiating
segments and promotes its function of organizing ion channels at
this site (Sanders et al., 2020). z-DHHC17 is needed for normal axon
growth in vivo and in vitro (Shi et al., 2015). Axons are critical for
synaptic transmission and nervous system function, and some
zDHHCs are localized in axons, affecting nervous system
development and function. For example, palmitoylation of §-
catenin is critical for synaptic plasticity and memory formation.
zDHHC3-mediated J-catenin palmitoylation also plays an
important role in the development of neuropathic pain. Blocking
this mechanism may be therapeutic for patients with neuropathic
pain (Zhang et al., 2018).

5 The role of zDHHC in
neurological diseases

Protein palmitoylation plays an important role in the regulation
of physiological functions in the brain. Z-DHHC enzymes involved in
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DE10A2, CSP, GABAAg2, eNOS, NCAM,
Neurochondrin, APP, Stathmin 2/SCG10,

Fyn, eNOS, Lck, ABCAL, APP, Gai2, PI4KIIa,

eNOS, SNAP25, paralemmin-1, GAD65, PSD-
95, PSD93, ABCAL1, PICK1, GRIP1,

Golgi CA1 hippocampus

Golgi cortex, olfactory bulb,

hippocampus

palmitoylation has been shown to be regulated by
posttranscriptional terms of stability,

localization, and function. Moreover, zDHHcs have been found

modifications  in

to play a role in neuronal morphogenesis, thereby regulating
neurologically related diseases (Zmuda and Chamberlain, 2020).
Each zDHHC has a different substrate (Cho and Park, 2016; Globa
and Bamji, 2017). Many studies have reported that different
zDHHCs are present in different brain regions (Cembrowski
et al, 2016). They are closely associated with neurological
disorders such as (AD) Alzheimer’s disease, HD, SCZ, (XLID)
X-linked intellectual disability and (ADHD) attention deficit
hyperactivity disorder. Table 1 shows the associations between
zDHHC proteins and human neurological disorders. In the
future, these proteins can play an important role in the diagnosis
and management of related disorders.

5.1 zDHHCs in AD

AD is one of the most common neurodegenerative diseases,
manifested by cognitive decline and progressive memory loss and
characterized by neuronal dysfunction. There are two main
neuropathological features of AD associated with palmitoylation,
the most widely known of which is neurotoxic extracellular A (B-
amyloid) aggregation forming amyloid plaques (Zhang et al., 2019),
and the other is intracellular NFTs (neurofibrillary tangles) (Lopes
et al.,, 2022).

AP aggregation to form amyloid plaques is mainly closely related
to APP (amyloid precursor protein) and the APP hydrolysis-related
enzymes P-secretase (B-site APP cleaving enzyme 1, BACE1) and y-
secretase (Wang et al., 2021). APP, BACE]L, and y-secretase can all
be palmitoylated and modified or regulated by palmitoylated
proteins. Among them, Cys 186 and Cys 187 of APP can
increase the interaction of APP with lipid rafts through

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al.

palmitoylation, which enhances the gene processing of amyloid
proteins and leads to increased y-secretase-mediated cleavage
(Shafi et al, 2021). Palmitoylation of BACEl occurs at the
transmembrane and C-terminal cytoplasmic structural domains
of four cysteine residues (Cys474, Cys478, Cys482 and Cys485)
(Shah, 2020). It was demonstrated that S-palmitoylation of
BACEl reduces AP deposition and thus attenuates memory
impairment in AD model mice (Andrew et al.,, 2017). It was also
clarified that palmitoylation of BACEL in the cytoplasmic tail Cys
residues affects AD (Wen et al., 2022). By using a mouse model of
AD, it was confirmed that the reduced levels of insoluble Ap and
amyloid deposition in the frontal cortex were associated with a
palmitoylated defective
et al.,, 2013).

Studies on APP palmitoylation by PATs are relatively

form of y-secretase (Bhattacharyya

comprehensive. Accumulating evidence has shown that members
of the zDHHC family regulate APP in two main ways, thereby
influencing the pathogenesis of AD. The first is the direct linkage of
zDHHCI12 to APP. The binding of zDHHCI12 to APP was verified by
immunoprecipitation, and as a result, ZDHHCI12 is also called APP-
interacting DHHC protein (AID) (Mizumaru et al, 2009).
zDHHCI2 (or AID) inhibits APP metabolism and A production
by suppressing APP transport. Nonamyloidogenic a-cleavage of
APP was dependent on zDHHCI12/AID-mediated palmitoylation.
zDHHC7 and zDHHC21 are in the
palmitoylation of APP. It has been shown that overexpression of
zDHHC7 and zDHHC21 increases the palmitoylation of APP in
lipid rafts, which results in APP being more susceptible to cleavage
by BACEI and increased A production (Bhattacharyya et al., 2013).

In addition to the production of amyloid plaques through A(
aggregation, another neuropathological feature of AD is the

Moreover, involved

formation of intracellular NFTs due to hyperphosphorylated tau,
which is caused by Fyn kinase (Lopes et al., 2022). zDHHC21 is the
PAT of Fyn (Mill et al,, 2009). Recent studies that investigated
familial Alzheimer’s disease (FAD) using exome sequencing have
revealed the ZDHHC21 p.T209S. Mutating
ZDHHC21 enhances  Fyn
contributing to the of  GluN2B-containing
NMDARs, which further leads to synaptic dysfunction and
neuronal loss. Moreover, the palmitoylation of APP was also

gene variant

significantly palmitoylation,

overactivation

increased, resulting in the production of AP (Li et al., 2023).

5.2 zDHHCs in HD

HD is an autosomal dominant neurodegenerative disease caused
by a mutation in the HTT (huntingtin) gene. The mutation is caused
when a DNA segment known as a CAG trinucleotide repeat in the
huntingtin gene is repeated more than 35 times (Group, 1993). HD
patients present cognitive, motor, and psychiatric symptoms (Sun
et al., 2017). Palmitoylation is strongly associated with HD, and it
has been determined that, compared to normal HTT, mutant HTT
has reduced levels of palmitoylation and increased huntingtin-
induced toxicity (Lemarie et al, 2021). However, the effect of

palmitoylation on HTT function and the role of HTT
palmitoylation deficiency in the pathogenesis of HD remain unclear.
First, a yeast two-hybrid screen indicated that

zDHHCI17 interacts with HTT (Kalchman et al., 1996). Then, the
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Akr structure located in the N-terminal region of zDHHC13 and
zDHHC17 was found to interact with HT'T and regulate its transport
when fused to the N-terminus of zDHHC3 (al, 2002).
zDHHC17 and zDHHCI13 (HIP14 and HIP14L) then induce
palmitoylation at HTT cysteine 214 (C214) (Huang et al., 2004).
Subsequently, in immortalized cell lines and primary neurons
carrying the palmitoylation-resistant mutation HTT (C214 to
serine, C214S) and in a YACI128 mouse model (full-length
human HTT transgenic mice with 128 CAG repeats), it was
that zDHHC17 and zDHHCI3-associated
palmitoylation are both decreased in HD, increasing susceptibility

demonstrated

to excitotoxicity (Singaraja et al., 2002). It was then further clarified
that the autopalmitoylation of zDHHC17 and zDHHC13 and the
palmitoylation of many synaptic substrates were also decreased in
the YAC128 mouse model (Huang et al,, 2011). In the presence of
HTT mutations, the interaction of zDHHC17 and zDHHC13 with
HTT is altered, resulting in reduced palmitoylation, and it is
hypothesized that HD is a disease caused by altered
palmitoylation (Sanders and Hayden, 2015). SPREDI1 and
SPRED3 identified as
zDHHCI17 palmitoylated proteins and may be important in the
pathogenesis of zDHHCI17-altered palmitoylated HD (Cho and
Park, 2016). The relationship between palmitoylation and HD is

have been novel substrates of

unclear, and it is currently hypothesized that altered regulation of
GluN2B palmitoylation by zDHHC13 may promote the apoptosis of
medium spiny neurons, which leads to the de-velopment of HD
(Kang et al., 2019),

Targeting the palmitoylation of HTT, which is dysregulated in
HD mutations, to promote neuronal survival has received attention
as a potential clinical treatment for the disease. It has been
demonstrated that lowering mHTT levels in the brains of HD
mice does not rescue abnormal palmitoylation. However, it is
possible to normalize the palmitoylation of mHTT in HD patient
cells using acyl protein thioesterase (APT). It is also possible to
reduce mHTT aggregation and cytotoxicity in vitro by promoting
palmitoylation (Lemarie et al., 2021). Restoration of palmitoylation
levels using the APT1 inhibitor ML348 ameliorated neuropathology,
movement disorders, and anxiety-depressive behaviors. Modulation
of palmitoylation is important for the treatment of HD (Virlogeux,
2021). In addition to focusing on HTT palmitoylation, a potential
risk factor controlling the S-palmitoylation of TRPC5 channels
TRPC5
providing new insights into novel therapeutic strategies for HD
(Hong et al., 2020).

could modulate channel expression and activity,

5.3 zDHHCs in SCZ

SCZ is a psychiatric disorder with symptoms including apathy
and withdrawal as well as cognitive impairment. It has been reported
that protein palmitoylation in the dorsolateral prefrontal cortex of
SCZ patients is lower than that in normal subjects (Pinner et al.,
2020). The relationship between SCZ and zDHHC family proteins
has received extensive attention from researchers in recent years.

The zDHHC8 gene, located in the microdeletion region of
chromosome 22ql1, was found to be associated with SCZ risk
(Woodin, 2001). The current study suggests that zDHHC8 may
influence cortical volume and exhibit a positive effect on SCZ
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(Ota et al., 2013). Interestingly, the correlation of zDHHC8 with
SCZ was inconsistent in different populations. A significant
association between zDHHC8 and SCZ has been demonstrated in
populations from the United States, South Africa, China, and Korea
(Shin et al.,, 2010). However, studies in Japanese and European
populations have shown no association between zDHHCS and SCZ
(Saito et al., 2005). Decreased dendritic spine numbers may be a
pathogenic mechanism of schizophrenia. The loss of dendritic
spines can lead to numerous manifestations that are associated
with poor synaptic strength and
dysfunctional connectivity (Mukai et al., 2015). The palmitate

schizophrenia, such as
cycle on PSD-95 modulates synaptic strength and regulates
aspects of activity-dependent plasticity (El-Husseini Ael et al,
2002). zDHHCS8-deficient mice have low spin densities during
neurodevelopment, which can be relatively normalized by the
administration of the active zDHHC8 protein, as PSD-95 is a
substrate for zDHHCS, and its palmitoylation regulates dendritic
spine density (Mukai et al., 2008). In addition to zZDHHCS, analysis
of a genome-wide association study and expression quantitative trait
loci data from more than 9000 SCZ patients revealed that
zDHHC18 was one of the highest-scoring genes associated with
SCZ (Zhao et al., 2018). Moreover, researchers refined the variants of
zDHHC2 based on its identification as a candidate gene for SCZ and
validated that these variants were risk factors for SCZ in a Chinese
Han population (Zhang et al,, 2020). Recently, the structure of
zDHHCS5 was found to be altered in SCZ patients (Shimell et al.,
2021). The number of DHHC family members that have been found
to be associated with SCZ has continuously increased in recent years,
but the molecular mechanisms underlying their association with
SCZ have been relatively superficially studied and are an area that
should be explored in the future.

5.4 zDHHCs in XLID

Intellectual disability is characterized by significantly lower
intelligence than the general population, as well as impaired
adaptive behavior and lack of daily living skills, social skills, and
communication skills (Frints et al., 2019).

Specific RT-PCR analysis of zDHHCI15 in lymphocytes from
XLID patients showed the presence of ZDHHCI5 transcript variants
in patient samples, and it was hypothesized that deleting the
zDHHCI15 transcript contributed to the XLID phenotype,
suggesting that zDHHCI15 is a strong candidate gene for the
diagnosis of nonsyndromic XLID (Mansouri et al, 2005). A
recent study found that zDHHCI15 plays a crucial role in
neuronal differentiation in zebrafish (Wang et al, 2015).
However, zDHHC15 remains one of the less-studied zDHHCs,
and its mechanism of action and relationship with XLID
remain unclear.

Compared to zDHHC15, zZDHHC9 has been studied thoroughly
in the context of XLID. Loss-of-function mutations in
zDHHC9 were found in XLID patients. zDHHC9 loss of
function in hippocampal cultures leads to shorter dendritic
spindles and fewer inhibitory synapses, which alters the ratio of
excitatory to inhibitory signals in Zdhhc9-deficient cells (Raymond
et al., 2007). zDHHC9 mutation alters the expression level and
cellular localization of H-Ras and N-Ras in membrane-localized
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GTPases (guanosine triphosphate hydrolases), regulates dendritic
growth,
palmitoylating TCI10 (Raymond et al, 2007). Two naturally

and promotes inhibitory synapse formation by
occurring variants of zDHHCY reduce the steady-state levels of
zDHHC9
affecting palmitoylation target proteins involved in intellectual
(Mitchell 2014). zDHHC9 mutation

inactivates its PAT activity, which is associated with impairment

self-palmitoylation through different mechanisms,

development et al,
of language and memory in XLID (Kouskou et al., 2018). Activation
and stabilization of ZDHHC9 requires an accessory protein, GCP16,
which stabilizes zDHHC9 by preventing zDHHCY9 aggregation
through the formation of the zDHHC9-GCP16 protein complex.
zDHHC9 mutations associated with XLID lead to reduced protein
stability and zDHHC9-GCP16 complex formation capacity
(Nguyen et al, 2023). In the future, target proteins associated
with XLID can be identified from the substrates of stabilized
zDHHC9, which will be important for the future diagnosis and
treatment of XLID.

5.5 zDHHCs in ADHD

ADHD is a heterogeneous neurodevelopmental disorder with a
of heritability
hyperactivity, and impulsivity, which are also present in high

high degree characterized by inattention,
novelty responses (Schlag et al, 2022). Several studies have
confirmed that ADHD is associated with an imbalance in DA
Both the DAT (DA

transporter) and DA receptors, which are associated with DA

(dopamine) (Vazquez et al, 2022).

homeostasis, have been shown to be palmitoylated (Rastedt
et al., 2017).

The D1 dopamine receptor belongs to the class A superfamily of
GPCRs (G protein-coupled receptors), and both Cys347 and
Cys351 of the DI receptor are palmitoylated (Zareba-Koziol
et al,, 2018). Palmitoylation may be involved in directing agonist-
dependent internalization of D1 receptors via a selective endocytic
pathway (Kong et al., 2011). In addition to DA receptors, DAT has
also been shown to undergo palmitoylation (Zeppelin et al., 2021).
Cys580 was identified as a major palmitoylation site on DAT (Foster
and Vaughan, 2011). By using 2BP to examine the functional
of DAT palmitoylation, that
Cys580 palmitoylation enhanced the kinetic capacity of DAT,

ramifications it was found
stabilized the metabolism of DAT, and controlled the long-term
total transporter level (Foster and Vaughan, 2011).

Palmitoylation of DAT was enhanced by the expression of PATs,
including zDHHC2, zDHHC3, zDHHCS, zDHHCI5 or zDHHCI17
(Bolland et al., 2019). zDHHC15 knockout mice showed normal
spatial learning and working memory abilities but a significant
increase in novelty-induced locomotion in an open field. During
the habituation phase to the new environment, striatal dopamine
levels decreased, but extracellular dopamine levels increased. This
finding suggests that ZDHHCI15-mediated palmitoylation is a novel
regulatory mechanism of dopamine in the striatum (Mejias et al.,
2021). zDHHCI15b is homologous to human zDHHCI5, and its
expression is upregulated during DA neuron differentiation,
knockdown of zDHHCI15b
differentiation and thereby affects DA neuron fate determination
(Wang et al, 2015). Among these PATs, zDHHCI5 at human

whereas reduces DA neuron
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Xq13.3 is not only associated with XLID but also closely related to
ADHD (Wang et al., 2015).

5.6 zDHHCs in glioma

Glioma is a highly aggressive and highly lethal malignant tumor
of the central nervous system (Liu et al, 2021). In particular,
glioblastoma, a grade IV glioma, is the most aggressive primary
brain tumor, with a recurrence rate of up to 90% and a survival rate
of only 15 months after diagnosis (Patro et al., 2022). Abnormal
protein palmitoylation of glioma brain tissue compared to normal
brain tissue in the central nervous system correlates with the
abnormal expression of some zDHHCs in gliomas (Tang
et al., 2022a).

In vivo and in vitro experiments have shown that in gliomas with
mutations in human TP53 (tumor protein P53), zZDHHC5 mediates
enhancer of EZH2 (zeste homolog 2) palmitoylation, leading to an
altered phosphorylation state of EZH2 that drives glioma
development (Gong et al., 2023). Overexpression or knockdown
of zDHHCS affected cell growth, the cell cycle, self-renewal and
invasiveness, and the expression level of zDHHC5 was inversely
associated with the overall survival of glioma patients (Chen et al.,
2017). Propofol promotes glioma growth through zDHHCS5 and
EZH2, and tight control of Propofol dosage in the clinic leads to
better prognosis for patients after surgical removal of tumors (Fan
et al, 2022a). Upregulation of both the mRNA and protein
expression of zDHHCY in gliomas correlates with tumor grade
(Zhang et al., 2021). Glioma patients with high expression of
zDHHC9 have survival prognosis.
zDHHCY in an athymic nude mouse model bearing glioma

shorter Knockdown of

enhances the survival time of mice (Zhang et al., 2021).
zDHHCs
immunotherapy of gliomas.

the
aberrantly

Some have important in

zDHHC12
expressed in gliomas, and knockdown of zDHHCI12 reduces

implications
is also
glioma cell survival, while overexpression of zZDHHCI2 not only
promotes glioma cell growth but is also associated with immune cell
infiltration (Lu et al,, 2022). In gliomas, immune cell infiltration
leads to immunotherapy resistance. Therefore, the role of
zDHHCI12 in gliomas may have therapeutic implications for
glioblastoma immunotherapy (Tang et al., 2022b). zDHHCI17 is
also aberrantly expressed in gliomas, and it has been determined that
the zDHHC17/MAPK signaling module is essential for promoting
radiotherapy resistance in gliomas. It has been determined that
genistein can inhibit the zDHHC17/MAPK signaling module, thus
reducing radiotherapy resistance in gliomas (Chen et al., 2020).
Some zDHHCs can also be prognostic biomarkers for glioma
patients. zDHHCI11 and zDHHC22 are favorable prognostic
markers, while upregulated expression of zDHHC4 predicts a
poor prognosis for patients (Tang et al, 2022b). Recent studies
have confirmed a clear link between high zZDHHCI15 expression and
the malignant glioma phenotype, and zDHHCI5 plays a key role in
promoting the proliferation and migration of glioma cells by
activating the STAT3 signaling pathway. Researchers have also
suggested that zDHHCI5 may be a new prognostic biomarker
for patients with glioma and that targeting zDHHCI15 could
provide a promising strategy for the treatment of glioma (Liu
et 2023). Local anesthetics attenuate

al., may

Frontiers in Pharmacology

11

10.3389/fphar.2023.1342830

zDHHCI5 transcription, reduce GP130 palmitoylation levels and
membrane localization, and thus inhibit IL-6/STAT3 signaling
activation. Therefore, local anesthetics may become an option for
the treatment of glioblastoma (Fan et al., 2021b).

Some zDHHC:s can precisely target gliomas in specific settings.
It is of concern that gliomas have different subgroup compositions
with plasticity and substantial heterogeneity, which is one of the
reasons why genomic analyses have not been successful in guiding
the development of precision medicine for these tumors (Nicholson
and Fine, 2021). zDHHCI8 and zDHHC23 can target different
subpopulations of glioma stem cells in specific settings (Chen et al.,
2019). zDHHCI8 is a mesenchymal glioma stem cell marker,
whereas zDHHC23 is a glioma stem cell marker. zDHHCI18 is
zDHHC23
distributed at the border of human glioma tissue (Tang et al,
2022b). zDHHCI19-mediated Smad3 palmitoylation promotes the
activation of the transforming growth factor-f signaling pathway,

localized in the necrotic zone. In contrast, is

and its interaction with EP300 upregulated the expression of
mesenchymal markers in the mesenchymal GBM subtype. This
study also provides an important therapeutic target for the
treatment of gliomas (Fan et al.,, 2021a). In glioma tissue, not all
abnormal zDHHCs were overexpressed compared to those in
zDHHC16  was
downregulated compared to that in normal brain tissue. The

normal brain tissue, and significantly
survival time of glioma patients with low expression of
zDHHC16 and high expression of epidermal growth factor
receptor was shorter than that of patients with high expression of
zDHHCI16 and low expression of epidermal growth factor. In
addition, zDHHC16 can mediate the palmitoylation of SET
domain-containing 2 (SEDT2). Elevated palmitoylation of
SEDT2 by palmitate B restored zDHHCI16 and may be useful for
the treatment of patients with glioblastoma due to epidermal growth

factor receptor amplification (Fan et al., 2022b).

5.7 zDHHCS and other
neurological disorders

In addition to the above neurologic disorders, there are other
neurologic disorders associated with zDHHC. Mutations in the
depalmitoylase gene PPT1 cause infantile NCL (neuronal ceroid
lipofuscinosis), an early-onset neurodegenerative  disease.
zDHHC3 and zDHHC7 induce the palmitoylation of PPT1 in
vivo, and the palmitoylation of PPT1 leads to a decrease in its
activity, which indirectly leads to a subsequent increase in the
amount of palmitoylated proteins. This positive feedback loop
likely triggers a vicious cycle that exacerbates disease progression
(Segal-Salto et al., 2016). Serotonin 1A receptor (5-HT1AR) is
associated with MDD (major depressive disorder) and 5-HT1AR
palmitoylation is decreased in depressive patients. Moreover, the
expression of zDHHC21 is positively correlated with the
palmitoylation of 5-HT1AR (Gorinski et al., 2019). Mutations in
the zDHHCI5 gene thought
neurodevelopmental disorders, such as hypotonic cerebral palsy,

are to cause several
autism, epilepsy, and intellectual disability (Lewis et al., 2021).
Recently, zDHHCI15 has been recognized as a candidate gene for
autism spectrum disorder (ASD). New evidence also suggests that

this gene may be associated with other neurodevelopmental
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disorders (Casellas-Vidal et al., 2023). zDHHC8 may be associated
with epileptic seizures in humans, and knockdown of zZDHHC8 may
have anti-epileptogenic effects on drug-resistant epilepsy. Epilepsy
could be treated in the future by modulating AMPA/GIuAl-
mediated neurotransmission (Yang et al., 2018).

6 Future prospects

By studying the role of palmitoylation in neurological disorders,
it is known that in neurons, zDHHC binding to the corresponding
substrate can modulate neuronal morphology and synaptic plasticity
and thus affect signaling in the nervous system. However, the degree
of study of zDHHC family substrates is relatively unequal. For
example, zDHHC13 and zDHHCI17 are relatively well studied, but
there are also ZDHHC family members, such as ZDHHC8, zDHHC9,
zDHHC15, and zDHHC18, whose substrates are still unclear. Some
enzymes have a wide range of target proteins, while others are highly
specific, and there is a lack of detail concerning enzyme-substrate-
specific recognition, which has hampered the understanding of the
role of palmitoylation in the regulation of neurological functions.
This role can be explored by sequencing and other means to further
identify the substrates of the zZDHHC family, and the structures of
the relevant zDHHC enzymes and corresponding substrates can be
determined by X-ray crystallography or cryo-electron microscopy
(cryo-EM), which can lead to the clarification of the molecular
mechanisms by which palmitoylation modulates the function of the
nervous system. Different neurological disorders arise as a result of
mutations, aberrant expression, or direct or indirect aberrant
regulation of zDHHCs. There are 23 members of the zDHHC
family, of which several have been found to be associated with
neurological disorders, and the presence of abnormalities in
different zDHHCs increases the likelihood of neurological
disorders. Using zDHHCs in the diagnosis and treatment of
neurological diseases is a direction that needs to be investigated
in the future, and new ideas and methods that restore zZDHHC
functioning in neurological diseases can be explored from the
following using the fol-lowing three aspects: 1) Focus on
posttranslational modifications that modify zDHHCs and
zDHHC  pal-mitoylation by  modulating the
corresponding posttranslational modifications. 2) Develop novel

regulate

high-throughput assays for the discovery of zDHHC-associated

References

al, R R S. e, Hadano, S., Metzler, M., Givan, S., Wellington, C. L., Warby, S,, et al. (2002).
HIP14, a novel ankyrin domain-containing protein, links huntingtin to intracellular
trafficking and endocytosis. Hum. Mol. Genet. 11, 2815-2828. doi:10.1093/hmg/11.23.2815

Andrew, R. ], Fernandez, C. G,, Stanley, M., Jiang, H., Nguyen, P., Rice, R. C,, et al.
(2017). Lack of BACEL S-palmitoylation reduces amyloid burden and mitigates

memory deficits in transgenic mouse models of Alzheimer’s disease. Proc. Natl.
Acad. Sci. U. S. A. 114 (45), E9665-E9674. doi:10.1073/pnas.1708568114

Bechtel, T. J., Li, C,, Kisty, E. A., Maurais, A. J., and Weerapana, E. (2020). Profiling
cysteine reactivity and oxidation in the endoplasmic reticulum. ACS Chem. Biol. 15 (2),
543-553. doi:10.1021/acschembio.9b01014

Bhattacharyya, R, Barren, C., and Kovacs, D. M. (2013). Palmitoylation of amyloid

precursor protein regulates amyloidogenic processing in lipid rafts. J. Neurosci. 33 (27),
11169-11183. doi:10.1523/[]NEUROSCL.4704-12.2013

Bolland, D. E., Moritz, A. E., Stanislowski, D. J., Vaughan, R. A, and Foster, J. D.
(2019). Palmitoylation by multiple DHHC enzymes enhances dopamine transporter

Frontiers in Pharmacology

12

10.3389/fphar.2023.1342830

inhibitors. However, the role of zDHHC in the nervous system
needs to be accounted for when proceeding with the clinical
application of inhibitors for zDHHC-associated diseases. 3) Ma-
nipulate specific substrates for ZDHHC conversion to alter the state
of individual protein palmitoylation.

Author contributions

DL: Data curation, Visualization, Writing-original draft,
Writing-review and editing. YH: Visualization, Writing-original
draft. DL: Visualization, Writing-review and editing. HZ: Data
XS:
Validation, Writing-review and editing. XL: Funding acquisition,
Supervision, Writing-original draft, Writing-review and editing.
PL:
Writing-original draft, Writing-review and editing.

curation, Visualization, Writing-review and editing.

Conceptualization, Funding acquisition, ~ Supervision,

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of China
(nos. 82171321, 82171363, and 82371381).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

function and stability. ACS Chem. Neurosci. 10 (6), 2707-2717. doi:10.1021/
acschemneuro.8b00558

Bonchuk, A. N., Boyko, K. M., Nikolaeva, A. Y., Burtseva, A. D., Popov, V. O., and
Georgiev, P. G. (2022). Structural insights into highly similar spatial organization of
zinc-finger associated domains with a very low sequence similarity. Structure 30 (7),
1004-1015.e4. €1004. doi:10.1016/j.str.2022.04.009

Brigidi, G. S., Santyr, B., Shimell, J., Jovellar, B., and Bamji, S. X. (2015). Activity-
regulated trafficking of the palmitoyl-acyl transferase DHHCS5. Nat. Commun. 6,
8200-1723. (Electronic), 8200. doi:10.1038/ncomms9200

Buszka, A., Pytys, A, Colvin, D., Wlodarczyk, J., and Wojtowicz, T. (2023).
S-palmitoylation of synaptic proteins in neuronal plasticity in normal and
pathological brains. Cells 12 (3), 387. doi:10.3390/cells12030387

Casellas-Vidal, D., Mademont-Soler, I, Sanchez, J., Plaja, A., Castells, N., Camos, M.,
et al. (2023). ZDHHCI5 as a candidate gene for autism spectrum disorder. Am. J. Med.
Genet. A 191 (4), 941-947. doi:10.1002/ajmg.a.63099

frontiersin.org


https://doi.org/10.1093/hmg/11.23.2815
https://doi.org/10.1073/pnas.1708568114
https://doi.org/10.1021/acschembio.9b01014
https://doi.org/10.1523/JNEUROSCI.4704-12.2013
https://doi.org/10.1021/acschemneuro.8b00558
https://doi.org/10.1021/acschemneuro.8b00558
https://doi.org/10.1016/j.str.2022.04.009
https://doi.org/10.1038/ncomms9200
https://doi.org/10.3390/cells12030387
https://doi.org/10.1002/ajmg.a.63099
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al.

Cembrowski, M. S., Wang, L., Sugino, K., Shields, B. C., and Spruston, N. (2016)
Hipposeq: a comprehensive RNA-seq database of gene expression in hippocampal
principal neurons. Elife 5 €14997-084X. (Electronic), e14997. doi:10.7554/eLife.14997

Chai, S., Cambronne, X. A., Eichhorn, S. W., and Goodman, R. H. (2013). MicroRNA-
134 activity in somatostatin interneurons regulates H-Ras localization by repressing the
palmitoylation enzyme, DHHCY. Proc. Natl. Acad. Sci. U. S. A. 110 (44), 17898-17903.
doi:10.1073/pnas.1317528110

Chen, X,, Hao, A, Li, X, Ye, K., Zhao, C,, Yang, H,, et al. (2020). Activation of JNK
and p38 MAPK mediated by ZDHHC17 drives glioblastoma multiforme development
and malignant progression. Theranostics 10 (3), 998-1015. doi:10.7150/thno.40076

Chen, X, Hu, L, Yang, H., Ma, H,, Ye, K,, Zhao, C, et al. (2019). DHHC protein
family targets different subsets of glioma stem cells in specific niches. J. Exp. Clin. Cancer
Res. 38 (1), 25. doi:10.1186/s13046-019-1033-2

Chen, X, Ma, H., Wang, Z, Zhang, S, Yang, H, and Fang, Z. (2017).
EZH2 palmitoylation mediated by ZDHHC5 in p53-mutant glioma drives
malignant development and progression. Cancer Res. 77 (18), 4998-5010. doi:10.
1158/0008-5472.CAN-17-1139

Cho, E., and Park, M. (2016). Palmitoylation in Alzheimer’s disease and other
neurodegenerative diseases. Pharmacol. Res. 111 (1096-1186), 133-151. (Electronic).
doi:10.1016/j.phrs.2016.06.008

Chowdhury, D., and Hell, J. W. (2019). Ca(2+)/Calmodulin binding to PSD-95
downregulates its palmitoylation and AMPARs in long-term depression. Front.
Synaptic Neurosci. 11, 6. doi:10.3389/fnsyn.2019.00006

Collins, M. O., Woodley, K. T., and Choudhary, J. S. (2017). Global, site-specific
analysis of neuronal protein S-acylation. Sci. Rep. 7 (1), 4683. doi:10.1038/s41598-017-
04580-1

Collura, K. M., Niu, J., Sanders, S. S., Montersino, A., Holland, S. M., and Thomas, G.
M. (2020). The palmitoyl acyltransferases ZDHHC5 and ZDHHCS are uniquely present
in DRG axons and control retrograde signaling via the Gp130/JAK/STAT3 pathway.
J. Biol. Chem. 295 (46), 15427-15437. doi:10.1074/jbc.RA120.013815

Das, T., Yount, J. S., and Hang, H. C. (2021). Protein S-palmitoylation in immunity.
Open Biol. 11 (3), 200411. doi:10.1098/rsob.200411

De, I, and Sadhukhan, S. (2018). Emerging roles of DHHC-mediated protein
S-palmitoylation in physiological and pathophysiological context. Eur. J. Cell Biol.
97 (5), 319-338. doi:10.1016/j.ejcb.2018.03.005

Dejanovic, B., Semtner, M., Ebert, S., Lamkemeyer, T., Neuser, F., Luscher, B., et al.
(2014). Palmitoylation of gephyrin controls receptor clustering and plasticity of
GABAergic synapses. PLoS Biol. 12 (7), €1001908. doi:10.1371/journal.pbio.1001908

El-Husseini Ael, D., Schnell, E., Dakoji, S., Sweeney, N., Zhou, Q., Prange, O., et al.
(2002). Synaptic strength regulated by palmitate cycling on PSD-95. Cell 108 (6),
849-863. doi:10.1016/50092-8674(02)00683-9

Ernst, A. M., Syed, S. A., Zaki, O., Bottanelli, F., Zheng, H., Hacke, M., et al. (2018).
S-palmitoylation sorts membrane cargo for anterograde transport in the Golgi. Dev. Cell
47 (4), 479-493. e477. doi:10.1016/j.devcel.2018.10.024

Faergeman, N. J., and Knudsen, J. (1997). Role of long-chain fatty acyl-CoA esters in
the regulation of metabolism and in cell signalling. Biochem. J. 323 (Pt 1), 1-12. doi:10.
1042/bj3230001

Fan, X,, Fan, J., Yang, H., Zhao, C,, Niu, W., Fang, Z,, et al. (2021a). Heterogeneity of
subsets in glioblastoma mediated by Smad3 palmitoylation. Oncogenesis 10 (10), 72.
doi:10.1038/s41389-021-00361-8

Fan, X., Gong, M., Yu, H,, Yang, H., Wang, S., and Wang, R. (2022a). Propofol
enhances stem-like properties of glioma via GABA(A)R-dependent Src modulation of
ZDHHC5-EZH2 palmitoylation mechanism. Stem Cell Res. Ther. 13 (1), 398. doi:10.
1186/s13287-022-03087-5

Fan, X, Sun, S, Yang, H, Ma, H, Zhao, C, Niu, W, et al. (2022b).
SETD2 palmitoylation mediated by ZDHHCI6 in epidermal growth factor receptor-
mutated glioblastoma promotes ionizing radiation-induced DNA damage. Int.
J. Radiat. Oncol. Biol. Phys. 113 (3), 648-660. doi:10.1016/j.ijrobp.2022.02.018

Fan, X,, Yang, H.,, Zhao, C,, Hu, L., Wang, D., Wang, R, et al. (2021b). Local
anesthetics impair the growth and self-renewal of glioblastoma stem cells by inhibiting
ZDHHC15-mediated GP130 palmitoylation. Stem Cell Res. Ther. 12 (1), 107. doi:10.
1186/513287-021-02175-2

Fang, C., Deng, L., Keller, C. A., Fukata, M., Fukata, Y., Chen, G., et al. (2006). GODZ-
mediated palmitoylation of GABA(A) receptors is required for normal assembly and
function of GABAergic inhibitory synapses. J. Neurosci. 26 (49), 12758-12768. doi:10.
1523/JNEUROSCI.4214-06.2006

Foster, J. D., and Vaughan, R. A. (2011). Palmitoylation controls dopamine
transporter kinetics, degradation, and protein kinase C-dependent regulation. J. Biol.
Chem. 286 (7), 5175-5186. doi:10.1074/jbc.M110.187872

Frints, S. G. M., Ozanturk, A., Rodriguez Criado, G., Grasshoff, U., de Hoon, B., Field,
M, et al. (2019). Pathogenic variants in E3 ubiquitin ligase RLIM/RNF12 lead to a
syndromic X-linked intellectual disability and behavior disorder. Mol. Psychiatry 24
(11), 1748-1768. doi:10.1038/s41380-018-0065-x

Fukata, Y., and Fukata, M. (2010). Protein palmitoylation in neuronal development
and synaptic plasticity. Nat. Rev. Neurosci. 11 (3), 161-175. doi:10.1038/nrn2788

Frontiers in Pharmacology

13

10.3389/fphar.2023.1342830

Gao, X,, Kuo, C. W., Main, A., Brown, E., Rios, F. J., Camargo, L. L., et al. (2022)
Palmitoylation regulates cellular distribution of and transmembrane Ca flux through
TrpM7. Cell Calcium 106, 102639. doi:10.1016/j.ceca.2022.102639

Globa, A. K., and Bamyji, S. X. (2017). Protein palmitoylation in the development and
plasticity of neuronal connections. Curr. Opin. Neurobiol. 45 (1873-6882), 210-220.
(Electronic). doi:10.1016/j.conb.2017.02.016

Gong, M., Fan, X,, Yu, H, Niu, W,, Sun, S., Wang, H,, et al. (2023). Loss of
p53 concurrent with RAS and TERT activation induces glioma formation. Mol.
Neurobiol. 60 (6), 3452-3463. doi:10.1007/s12035-023-03288-w

Gonzilez Montoro, A., Quiroga, R., Maccioni, H. J., and Valdez Taubas, J. (2009). A
novel motif at the C-terminus of palmitoyltransferases is essential for Swfl and
Pfa3 function in vivo. Biochem. J. 419 (2), 301-308. doi:10.1042/bj20080921

Gonzalez Montoro, A., Quiroga, R., and Valdez Taubas, J. (2013). Zinc co-ordination
by the DHHC cysteine-rich domain of the palmitoyltransferase Swfl. Biochem. J. 454
(3), 427-435. doi:10.1042/BJ20121693

Gorinski, N., Bijata, M., Prasad, S., Wirth, A., Abdel Galil, D., Zeug, A., et al. (2019).
Attenuated palmitoylation of serotonin receptor 5-HT1A affects receptor function and
contributes to depression-like behaviors. Nat. Commun. 10 (1), 3924. doi:10.1038/
541467-019-11876-5

Gottlieb, C. D., Zhang, S., and Linder, M. E. (2015). The cysteine-rich domain of the
DHHCS3 palmitoyltransferase is palmitoylated and contains tightly bound zinc. J. Biol.
Chem. 290 (49), 29259-29269. doi:10.1074/jbc.M115.691147

Greaves, J., Munro, K. R, Davidson, S. C., Riviere, M., Wojno, J., Smith, T. K., et al.
(2017). Molecular basis of fatty acid selectivity in the zDHHC family of
S-acyltransferases revealed by click chemistry. Proc. Natl. Acad. Sci. 114 (8),
E1365-E1374. doi:10.1073/pnas.1612254114

Greaves, J., Prescott, G. R., Fukata, Y., Fukata, M., Salaun, C., and Chamberlain, L. H.
(2022). The hydrophobic cysteine-rich domain of SNAP25 couples with downstream
residues to mediate membrane interactions and recognition by DHHC palmitoyl
transferases. Mol. Biol. Cell 33 (10), cor3. cor3. doi:10.1091/mbc.E08-09-0944_corr

Group, T. H. s.D. C. R. (1993). A novel gene containing a trinucleotide repeat that is
expanded and unstable on Huntington’s disease chromosomes. The Huntington’s
Disease Collaborative Research Group. Cell 72 (72), 971-983. doi:10.1016/0092-
8674(93)90585-¢

Gupta, J. P, and Jenkins, P. M. (2023) Ankyrin-B is lipid-modified by
S-palmitoylation to promote dendritic membrane scaffolding of voltage-gated
sodium channel Na(V)1.2 in neurons. Front. Physiol. 14 959660-042X. (Print),
959660. doi:10.3389/fphys.2023.959660

Hao, J. W., Wang, J., Guo, H., Zhao, Y. Y., Sun, H. H,, Li, Y. F, et al. (2020).
CD36 facilitates fatty acid uptake by dynamic palmitoylation-regulated endocytosis.
Nat. Commun. 11 (1), 4765. doi:10.1038/s41467-020-18565-8

Harada, T., Sada, R, Osugi, Y., Matsumoto, S., Matsuda, T., Hayashi-Nishino, M.,
et al. (2020). Palmitoylated CKAP4 regulates mitochondrial functions through an
interaction with VDAC2 at ER-mitochondria contact sites. J. Cell Sci. 133 (21),
jcs249045. doi:10.1242/jcs.249045

Hayashi, T. (2021). Post-translational palmitoylation of ionotropic glutamate
receptors in excitatory synaptic functions. Br. J. Pharmacol. 178 (4), 784-797.
doi:10.1111/bph.15050

He, M., Abdi, K. M., and Bennett, V. (2014). Ankyrin-G palmitoylation and pII-
spectrin binding to phosphoinositide lipids drive lateral membrane assembly. J. Cell
Biol. 206 (2), 273-288. doi:10.1083/jcb.201401016

He, Q., Qu, M., Shen, T., Su, J., Xu, Y., Xu, C,, et al. (2023) Control of mitochondria-
associated endoplasmic reticulum membranes by protein S-palmitoylation: novel
therapeutic targets for neurodegenerative diseases. Ageing Res. Rev. 87
101920-109649. (Electronic), 101920. doi:10.1016/j.arr.2023.101920

Hernandez, L. M., Montersino, A., Niu, J., Guo, S., Faezov, B, Sanders, S. S., et al.
(2023). Palmitoylation-dependent control of JAK1 kinase signaling governs responses
to neuropoietic cytokines and survival in DRG neurons. J. Biol. Chem. 299 (8), 104965.
doi:10.1016/j.jbc.2023.104965

Hong, C., Choi, S. H., Kwak, M., Jeong, B., Ko, J.,, Park, H. ], et al. (2020).
TRPC5 channel instability induced by depalmitoylation protects striatal neurons

against oxidative stress in Huntington’s disease. Biochim. Biophys. Acta Mol. Cell
Res. 1867 (2), 118620. doi:10.1016/j.bbamcr.2019.118620

Huang, K., Sanders, S. S., Kang, R, Carroll, J. B, Sutton, L., Wan, ., et al. (2011). Wild-
type HTT modulates the enzymatic activity of the neuronal palmitoyl transferase
HIP14. Hum. Mol. Genet. 20 (17), 3356-3365. doi:10.1093/hmg/ddr242

Huang, K., Yanai, A,, Kang, R, Arstikaitis, P., Singaraja, R. R,, Metzler, M., et al.
(2004). Huntingtin-interacting protein HIP14 is a palmitoyl transferase involved in
palmitoylation and trafficking of multiple neuronal proteins. Neuron 44 (6), 977-986.
doi:10.1016/j.neuron.2004.11.027

Itoh, M., Yamashita, M., Kaneko, M., Okuno, H., Abe, M., Yamazaki, M., et al. (2018).
Deficiency of AMPAR-palmitoylation aggravates seizure susceptibility. J. Neurosci. 38
(47), 10220-10235. doi:10.1523/J]NEUROSCI.1590-18.2018

Jeyifous, O., Lin, E. I, Chen, X., Antinone, S. E., Mastro, R, Drisdel, R, et al. (2016).
Palmitoylation regulates glutamate receptor distributions in postsynaptic densities

frontiersin.org


https://doi.org/10.7554/eLife.14997
https://doi.org/10.1073/pnas.1317528110
https://doi.org/10.7150/thno.40076
https://doi.org/10.1186/s13046-019-1033-2
https://doi.org/10.1158/0008-5472.CAN-17-1139
https://doi.org/10.1158/0008-5472.CAN-17-1139
https://doi.org/10.1016/j.phrs.2016.06.008
https://doi.org/10.3389/fnsyn.2019.00006
https://doi.org/10.1038/s41598-017-04580-1
https://doi.org/10.1038/s41598-017-04580-1
https://doi.org/10.1074/jbc.RA120.013815
https://doi.org/10.1098/rsob.200411
https://doi.org/10.1016/j.ejcb.2018.03.005
https://doi.org/10.1371/journal.pbio.1001908
https://doi.org/10.1016/s0092-8674(02)00683-9
https://doi.org/10.1016/j.devcel.2018.10.024
https://doi.org/10.1042/bj3230001
https://doi.org/10.1042/bj3230001
https://doi.org/10.1038/s41389-021-00361-8
https://doi.org/10.1186/s13287-022-03087-5
https://doi.org/10.1186/s13287-022-03087-5
https://doi.org/10.1016/j.ijrobp.2022.02.018
https://doi.org/10.1186/s13287-021-02175-2
https://doi.org/10.1186/s13287-021-02175-2
https://doi.org/10.1523/JNEUROSCI.4214-06.2006
https://doi.org/10.1523/JNEUROSCI.4214-06.2006
https://doi.org/10.1074/jbc.M110.187872
https://doi.org/10.1038/s41380-018-0065-x
https://doi.org/10.1038/nrn2788
https://doi.org/10.1016/j.ceca.2022.102639
https://doi.org/10.1016/j.conb.2017.02.016
https://doi.org/10.1007/s12035-023-03288-w
https://doi.org/10.1042/bj20080921
https://doi.org/10.1042/BJ20121693
https://doi.org/10.1038/s41467-019-11876-5
https://doi.org/10.1038/s41467-019-11876-5
https://doi.org/10.1074/jbc.M115.691147
https://doi.org/10.1073/pnas.1612254114
https://doi.org/10.1091/mbc.E08-09-0944_corr
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.3389/fphys.2023.959660
https://doi.org/10.1038/s41467-020-18565-8
https://doi.org/10.1242/jcs.249045
https://doi.org/10.1111/bph.15050
https://doi.org/10.1083/jcb.201401016
https://doi.org/10.1016/j.arr.2023.101920
https://doi.org/10.1016/j.jbc.2023.104965
https://doi.org/10.1016/j.bbamcr.2019.118620
https://doi.org/10.1093/hmg/ddr242
https://doi.org/10.1016/j.neuron.2004.11.027
https://doi.org/10.1523/JNEUROSCI.1590-18.2018
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al.

through control of PSD95 conformation and orientation. Proc. Natl. Acad. Sci. U. S. A.
113 (52), E8482-e8491. doi:10.1073/pnas.1612963113

Jiang, H., Zhang, X., Chen, X., Aramsangtienchai, P., Tong, Z., and Lin, H. (2018).
Protein lipidation: occurrence, mechanisms, biological functions, and enabling
technologies. Chem. Rev. 118 (3), 919-988. doi:10.1021/acs.chemrev.6b00750

Jiang, M., Hu, J., White, F. K. H., Williamson, J., Klymchenko, A. S., Murthy, A., et al.
(2019). S-Palmitoylation of junctophilin-2 is critical for its role in tethering the
sarcoplasmic reticulum to the plasma membrane. J. Biol. Chem. 294 (36),
13487-13501. doi:10.1074/jbc. RA118.006772

Jin, J., Zhi, X., Wang, X., and Meng, D. (2021). Protein palmitoylation and its
pathophysiological relevance. J. Cell Physiol. 236 (5), 3220-3233. doi:10.1002/jcp.30122

Kalchman, M. A., Graham, R. K,, Xia, G., Koide, H. B., Hodgson, J. G., Graham, K. C,,
et al. (1996). Huntingtin is ubiquitinated and interacts with a specific ubiquitin-
conjugating enzyme. J. Biol. Chem. 271 (32), 19385-19394. doi:10.1074/jbc.271.32.
19385

Kang, R., Wang, L., Sanders, S. S., Zuo, K., Hayden, M. R., and Raymond, L. A. (2019).
Altered regulation of striatal neuronal N-Methyl-D-Aspartate receptor trafficking by
palmitoylation in Huntington disease mouse model. Front. Synaptic Neurosci. 11,
1663-3563. (Print), 3. doi:10.3389/fnsyn.2019.00003

Kerkenberg, N., Hohoff, C., Zhang, M., Lang, L, Schettler, C., Ponimaskin, E., et al.
(2021a). Acute stress reveals different impacts in male and female Zdhhc7-deficient
mice. Brain Struct. Funct. 226 (5), 1613-1626. doi:10.1007/s00429-021-02275-y

Kerkenberg, N., Wachsmuth, L., Zhang, M., Schettler, C., Ponimaskin, E., Faber, C.,
et al. (2021b). Brain microstructural changes in mice persist in adulthood and are
modulated by the palmitoyl acyltransferase ZDHHC7. Eur. J. Neurosci. 54 (6),
5951-5967. doi:10.1111/ejn.15415

Kilpatrick, C. L., Murakami, S., Feng, M., Wu, X,, Lal, R,, Chen, G, et al. (2016).
Dissociation of golgi-associated DHHC-type zinc finger protein (GODZ)- and sertoli
cell gene with a zinc finger domain-B (SERZ-B)-mediated palmitoylation by loss of
function analyses in knock-out mice. J. Biol. Chem. 291 (53), 27371-27386. doi:10.1074/
jbc.M116.732768

Kong, M. M., Verma, V., O’'Dowd, B. F,, and George, S. R. (2011). The role of
palmitoylation in directing dopamine D1 receptor internalization through selective
endocytic routes. Biochem. Biophys. Res. Commun. 405 (3), 445-449. doi:10.1016/j.bbrc.
2011.01.050

Koropouli, E., Wang, Q., Mejias, R,, Hand, R,, Wang, T., Ginty, D. D, et al. (2023).
Palmitoylation regulates neuropilin-2 localization and function in cortical neurons and
conveys specificity to semaphorin signaling via palmitoyl acyltransferases. Elife 12,
€83217-084X. (Electronic). doi:10.7554/eLife.83217

Koster, K. P.,, and Yoshii, A. (2019). Depalmitoylation by palmitoyl-protein
thioesterase 1 in neuronal health and degeneration. Front. Synaptic Neurosci. 11,
25-3563. (Print), 25. doi:10.3389/fnsyn.2019.00025

Kouskou, M., Thomson, D. M., Brett, R. R., Wheeler, L., Tate, R. ., Pratt, J. A., et al.
(2018). Disruption of the Zdhhc9 intellectual disability gene leads to behavioural
abnormalities in a mouse model. Exp. Neurol. 308, 35-46. doi:10.1016/j.expneurol.
2018.06.014

Kumeta, M., Panina, Y., Yamazaki, H., Takeyasu, K., and Yoshimura, S. H. (2018).
N-terminal dual lipidation-coupled molecular targeting into the primary cilium. Genes
cells. 23, 715-723. (Electronic). doi:10.1111/gtc.12603

Ladygina, N., Martin, B. R., and Altman, A. (2011). Dynamic palmitoylation and the
role of DHHC proteins in T cell activation and anergy. Adv. Immunol. 109, 1-44. doi:10.
1016/B978-0-12-387664-5.00001-7

Lan, T., Delalande, C., and Dickinson, B. C. (2021). Inhibitors of DHHC family
proteins. Curr. Opin. Chem. Biol. 65, 118-125. doi:10.1016/j.cbpa.2021.07.002

Lee, C.J., Stix, R,, Rana, M. S., Shikwana, F., Murphy, R. E., Ghirlando, R., et al. (2022).
Bivalent recognition of fatty acyl-CoA by a human integral membrane
palmitoyltransferase. Proc. Natl. Acad. Sci. U. S. A. 119 (7), €2022050119. doi:10.
1073/pnas.2022050119

Lemarie, F. L., Caron, N. S., Sanders, S. S., Schmidt, M. E., Nguyen, Y. T. N,, Ko, S.,
et al. (2021). Rescue of aberrant huntingtin palmitoylation ameliorates mutant
huntingtin-induced toxicity. Neurobiol. Dis. 158, 105479. doi:10.1016/j.nbd.2021.
105479

Lemonidis, K., Gorleku, O. A., Sanchez-Perez, M. C., Grefen, C., and Chamberlain, L.
H. (2014). The Golgi S-acylation machinery comprises zDHHC enzymes with major
differences in substrate affinity and S-acylation activity. Mol. Biol. Cell 25 (24),
3870-3883. doi:10.1091/mbc.E14-06-1169

Lemonidis, K., Salaun, C., Kouskou, M., Diez-Ardanuy, C., Chamberlain, L. H., and
Greaves, J. (2017). Substrate selectivity in the zDHHC family of S-acyltransferases.
Biochem. Soc. Trans. 45 (3), 751-758. doi:10.1042/BST20160309

Lemonidis, K., Werno, M. W., Greaves, J., Diez—Ardanuy, C., Sanchez-Perez, M. C.,
Salaun, C,, et al. (2015). The zDHHC family of S-acyltransferases. Biochem. Soc. Trans.
43 (2), 217-221. doi:10.1042/BST20140270

Lewis, S. A., Bakhtiari, S., Heim, J., Cornejo, P., Liu, J., Huang, A,, et al. (2021).
Mutation in ZDHHCI15 leads to hypotonic cerebral palsy, autism, epilepsy, and
intellectual disability. Neurol. Genet. 7 (4), €602. doi:10.1212/NXG.0000000000000602

Frontiers in Pharmacology

14

10.3389/fphar.2023.1342830

Li, W,, Pang, Y., Wang, Y., Mei, F., Guo, M., Wei, Y., et al. (2023). Aberrant
palmitoylation caused by a ZDHHC21 mutation contributes to pathophysiology of
Alzheimer’s disease. BMC Med. 21 (1), 223. doi:10.1186/s12916-023-02930-7

Li, Y., Bai, X,, Gao, M., Chen, H., Ma, X,, Zhang, Y., et al. (2021). AKAP150 and its
palmitoylation contributed to pain hypersensitivity via facilitating synaptic
incorporation of GluAl-containing AMPA receptor in spinal dorsal horn. Mol.
Neurobiol. 58 (12), 6505-6519. doi:10.1007/s12035-021-02570-z

Liu, J., Gao, L., Ji, B, Geng, R., Chen, J.,, Tao, X, et al. (2021). BCL7A as a novel
prognostic biomarker for glioma patients. J. Transl. Med. 19 (1), 335. doi:10.1186/
$12967-021-03003-0

Liu, L., Dai, L., Xu, D., Wang, Y., Bai, L., Chen, X,, et al. (2022). Astrocyte secretes IL-6
to modulate PSD-95 palmitoylation in basolateral amygdala and depression-like
behaviors induced by peripheral nerve injury. Brain Behav. Immun. 104 (1090-
2139), 139-154. (Electronic). doi:10.1016/j.bbi.2022.05.014

Liu, Z. Y., Lan, T, Tang, F., He, Y. Z, Liu, J. S, Yang, J. Z, et al. (2023).
ZDHHCI15 promotes glioma malignancy and acts as a novel prognostic biomarker
for patients with glioma. BMC Cancer 23 (1), 420. doi:10.1186/s12885-023-10883-6

Lobo, S., Greentree, W. K., Linder, M. E., and Deschenes, R. J. (2002). Identification of
a Ras palmitoyltransferase in Saccharomyces cerevisiae. ]. Biol. Chem. 277 (43),
41268-41273. doi:10.1074/jbc.M206573200

Lopes, D. M., Llewellyn, S. K., and Harrison, I. F. (2022). Propagation of tau and a-
synuclein in the brain: therapeutic potential of the glymphatic system. Transl.
Neurodegener. 11 (1), 19. doi:10.1186/s40035-022-00293-2

Lu, F, Shen, S. H,, Wu, S,, Zheng, P, Lin, K,, Liao, J., et al. (2022). Hypomethylation-
induced prognostic marker zinc finger DHHC-type palmitoyltransferase 12 contributes
to glioblastoma progression. Ann. Transl. Med. 10 (6), 334. doi:10.21037/atm-22-520

Malgapo, M. I. P., and Linder, M. E. (2021). Substrate recruitment by z-DHHC protein
acyltransferases. Open Biol. 11 (4), 210026. doi:10.1098/rs0b.210026

Mansouri, M. R., Marklund, L., Gustavsson, P., Davey, E., Carlsson, B., Larsson, C.,
et al. (2005). Loss of ZDHHCI15 expression in a woman with a balanced translocation
t(X;15)(q13.3;cen) and severe mental retardation. Eur. J. Hum. Genet. 13 (8), 970-977.
doi:10.1038/sj.¢jhg 5201445

Marciel, M. P., and Hoffmann, P. R. (2019). Molecular mechanisms by which
selenoprotein K regulates immunity and cancer. Biol. Trace Elem. Res. 192 (1),
60-68. doi:10.1007/s12011-019-01774-8

Meitzen, J., Britson, K. A., Tuomela, K., and Mermelstein, P. G. (2019). The
expression of select genes necessary for membrane-associated estrogen receptor
signaling differ by sex in adult rat hippocampus. Steroids 142 (1878-5867), 21-27.
(Electronic). doi:10.1016/j.steroids.2017.09.012

Mejias, R., Rodriguez-Gotor, . J., Niwa, M., Krasnova, L. N., Adamczyk, A., Han, M.,
et al. (2021). Increased novelty-induced locomotion, sensitivity to amphetamine, and
extracellular dopamine in striatum of Zdhhcl5-deficient mice. Transl. Psychiatry 11 (1),
65. d0i:10.1038/541398-020-01194-6

Mill, P., Lee, A. W., Fukata, Y., Tsutsumi, R., Fukata, M., Keighren, M., et al. (2009).
Palmitoylation regulates epidermal homeostasis and hair follicle differentiation. PLoS
Genet. 5 (11), e1000748. doi:10.1371/journal.pgen.1000748

Mitchell, D. A., Hamel, L. D., Reddy, K. D., Farh, L., Rettew, L. M., Sanchez, P.R,, et al.
(2014). Mutations in the X-linked intellectual disability gene, zDHHCY, alter
autopalmitoylation activity by distinct mechanisms. J. Biol. Chem. 289 (26),
18582-18592. doi:10.1074/jbc.M114.567420

Mizumaru, C,, Saito, Y., Ishikawa, T., Yoshida, T., Yamamoto, T., Nakaya, T., et al.
(2009). Suppression of APP-containing vesicle trafficking and production of beta-
amyloid by AID/DHHC-12 protein. J. Neurochem. 111 (5), 1213-1224. doi:10.1111/j.
1471-4159.2009.06399.x

Mori, H., and Mishina, M. (2003). Roles of diverse glutamate receptors in brain
functions elucidated by subunit-specific and region-specific gene targeting. Life Sci. 74
(2-3), 329-336. doi:10.1016/}.1fs.2003.09.020

Mukai, J., Dhilla, A., Drew, L. J., Stark, K. L., Cao, L., MacDermott, A. B., et al. (2008).
Palmitoylation-dependent neurodevelopmental deficits in a mouse model of
22q11 microdeletion. Nat. Neurosci. 11 (11), 1302-1310. doi:10.1038/nn.2204

Mukai, J., Tamura, M., Fenelon, K., Rosen, A. M., Spellman, T. J., Kang, R., et al.
(2015). Molecular substrates of altered axonal growth and brain connectivity in a mouse
model of schizophrenia. Neuron 86 (3), 680-695. doi:10.1016/j.neuron.2015.04.003

Nguyen, P. L., Greentree, W. K, Kawate, T, and Linder, M. E. (2023).
GCP16 stabilizes the DHHC9 subfamily of protein acyltransferases through a
conserved C-terminal cysteine motif. Front. Physiol. 14 1167094-042X. (Print),
1167094. doi:10.3389/fphys.2023.1167094

Nicholson, J. G., and Fine, H. A. (2021). Diffuse glioma heterogeneity and its
therapeutic implications. Cancer Discov. 11 (3), 575-590. doi:10.1158/2159-8290.Cd-
20-1474

Niki, Y., Adachi, N., Fukata, M., Fukata, Y., Oku, S., Makino-Okamura, C., et al.
(2023). S-palmitoylation of tyrosinase at cysteine(500) regulates melanogenesis.
J. Invest. Dermatol 143 (2), 317-327.e6. €316. doi:10.1016/.jid.2022.08.040

Niu, J., Sanders, S. S., Jeong, H. K., Holland, S. M., Sun, Y., Collura, K. M., et al. (2020).
Coupled control of distal axon integrity and somal responses to axonal damage by the

frontiersin.org


https://doi.org/10.1073/pnas.1612963113
https://doi.org/10.1021/acs.chemrev.6b00750
https://doi.org/10.1074/jbc.RA118.006772
https://doi.org/10.1002/jcp.30122
https://doi.org/10.1074/jbc.271.32.19385
https://doi.org/10.1074/jbc.271.32.19385
https://doi.org/10.3389/fnsyn.2019.00003
https://doi.org/10.1007/s00429-021-02275-y
https://doi.org/10.1111/ejn.15415
https://doi.org/10.1074/jbc.M116.732768
https://doi.org/10.1074/jbc.M116.732768
https://doi.org/10.1016/j.bbrc.2011.01.050
https://doi.org/10.1016/j.bbrc.2011.01.050
https://doi.org/10.7554/eLife.83217
https://doi.org/10.3389/fnsyn.2019.00025
https://doi.org/10.1016/j.expneurol.2018.06.014
https://doi.org/10.1016/j.expneurol.2018.06.014
https://doi.org/10.1111/gtc.12603
https://doi.org/10.1016/B978-0-12-387664-5.00001-7
https://doi.org/10.1016/B978-0-12-387664-5.00001-7
https://doi.org/10.1016/j.cbpa.2021.07.002
https://doi.org/10.1073/pnas.2022050119
https://doi.org/10.1073/pnas.2022050119
https://doi.org/10.1016/j.nbd.2021.105479
https://doi.org/10.1016/j.nbd.2021.105479
https://doi.org/10.1091/mbc.E14-06-1169
https://doi.org/10.1042/BST20160309
https://doi.org/10.1042/BST20140270
https://doi.org/10.1212/NXG.0000000000000602
https://doi.org/10.1186/s12916-023-02930-7
https://doi.org/10.1007/s12035-021-02570-z
https://doi.org/10.1186/s12967-021-03003-0
https://doi.org/10.1186/s12967-021-03003-0
https://doi.org/10.1016/j.bbi.2022.05.014
https://doi.org/10.1186/s12885-023-10883-6
https://doi.org/10.1074/jbc.M206573200
https://doi.org/10.1186/s40035-022-00293-2
https://doi.org/10.21037/atm-22-520
https://doi.org/10.1098/rsob.210026
https://doi.org/10.1038/sj.ejhg.5201445
https://doi.org/10.1007/s12011-019-01774-8
https://doi.org/10.1016/j.steroids.2017.09.012
https://doi.org/10.1038/s41398-020-01194-6
https://doi.org/10.1371/journal.pgen.1000748
https://doi.org/10.1074/jbc.M114.567420
https://doi.org/10.1111/j.1471-4159.2009.06399.x
https://doi.org/10.1111/j.1471-4159.2009.06399.x
https://doi.org/10.1016/j.lfs.2003.09.020
https://doi.org/10.1038/nn.2204
https://doi.org/10.1016/j.neuron.2015.04.003
https://doi.org/10.3389/fphys.2023.1167094
https://doi.org/10.1158/2159-8290.Cd-20-1474
https://doi.org/10.1158/2159-8290.Cd-20-1474
https://doi.org/10.1016/j.jid.2022.08.040
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al.

palmitoyl acyltransferase ZDHHC17. Cell Rep. 33 (7), 108365. doi:10.1016/j.celrep.
2020.108365

Nthiga, T. M., Kumar Shrestha, B., Lamark, T., and Johansen, T. (2021). The soluble
reticulophagy receptor CALCOCOL is also a Golgiphagy receptor. Autophagy 17 (8),
2051-2052. doi:10.1080/15548627.2021.1940610

Nuskova, H., Cortizo, F. G., Schwenker, L. S., Sachsenheimer, T., Diakonov, E. E.,
Tiebe, M., et al. (2023). Competition for cysteine acylation by C16:0 and C18:0 derived
lipids is a global phenomenon in the proteome. J. Biol. Chem. 299 (9), 105088. doi:10.
1016/j.jbc.2023.105088

Ota, V. K., Gadelha, A., Assuncao, . B., Santoro, M. L., Christofolini, D. M., Bellucco,
F. T, et al. (2013). ZDHHCS gene may play a role in cortical volumes of patients with
schizophrenia. Schizophr. Res. 145 (1-3), 33-35. doi:10.1016/j.schres.2013.01.011

Patro, C. P. K,, Biswas, N., Pingle, S. C,, Lin, F., Anekoji, M., Jones, L. D., et al. (2022).
MTAP loss: a possible therapeutic approach for glioblastoma. J. Transl. Med. 20 (1), 620.
doi:10.1186/s12967-022-03823-8

Philippe, J. M., and Jenkins, P. M. (2019). Spatial organization of palmitoyl acyl
transferases governs substrate localization and function. Mol. Membr. Biol. 35 (1),
60-75. doi:10.1080/09687688.2019.1710274

Piguel, N. H,, Sanders, S. S., De Simone, F. I, Martin-de-Saavedra, M. D., McCoig, E.,
Dionisio, L. E., et al. (2023). Palmitoylation controls the stability of 190 kDa ankyrin-G
in dendritic spines and is regulated by ZDHHCS and lithium. Front. Mol. Neurosci. 16
1144066-1145099. (Print), 1144066. doi:10.3389/fnmol.2023.1144066

Pinner, A. L., Mueller, T. M., Alganem, K., McCullumsmith, R., and Meador-
Woodruff, J. H. (2020). Protein expression of prenyltransferase subunits in
postmortem schizophrenia dorsolateral prefrontal cortex. Transl. Psychiatry 10 (1),
3. doi:10.1038/s41398-019-0610-7

Purkey, A. M., Woolfrey, K. M., Crosby, K. C,, Stich, D. G., Chick, W. S., Aoto, J., et al.
(2018). AKAP150 palmitoylation regulates synaptic incorporation of Ca(2+)-permeable
AMPA receptors to control LTP. Cell Rep. 25 (4), 974-987. €974. doi:10.1016/j.celrep.
2018.09.085

Rana, M. S., Kumar, P., Lee, C.-J., Verardi, R, Rajashankar, K. R., and Banerjee, A.
(2018a). Fatty acyl recognition and transfer by an integral membrane S-acyltransferase.
Science 359 (6372), eaa06326. doi:10.1126/science.aa06326

Rana, M. S., Kumar, P., Lee, C. J., Verardi, R., Rajashankar, K. R,, and Banerjee, A.
(2018Db). Fatty acyl recognition and transfer by an integral membrane S-acyltransferase.
Science 359 (6372), eaa06326. doi:10.1126/science.aa06326

Rana, M. S, Lee, C. ], and Banerjee, A. (2019). The molecular mechanism of DHHC
protein acyltransferases. Biochem. Soc. Trans. 47 (1), 157-167. doi:10.1042/BST20180429

Rastedt, D. E., Vaughan, R. A., and Foster, J. D. (2017). Palmitoylation mechanisms in
dopamine transporter regulation. J. Chem. Neuroanat. 83-84 (1873-6300), 3-9.
(Electronic). doi:10.1016/j.jchemneu.2017.01.002

Raymond, F. L., Tarpey, P. S., Edkins, S., Tofts, C., O’Meara, S., Teague, J., et al. (2007).
Mutations in ZDHHCY, which encodes a palmitoyltransferase of NRAS and HRAS,
cause X-linked mental retardation associated with a Marfanoid habitus. Am. J. Hum.
Genet. 80 (5), 982-987. d0i:10.1086/513609

Reddy, K. D., Malipeddi, J., DeForte, S., Pejaver, V., Radivojac, P., Uversky, V. N,, et al.
(2017). Physicochemical sequence characteristics that influence S-palmitoylation propensity.
J. Biomol. Struct. Dyn. 35 (11), 2337-2350. doi:10.1080/07391102.2016.1217275

Rocks, O., Gerauer, M., Vartak, N., Koch, S., Huang, Z. P., Pechlivanis, M., et al.
(2010). The palmitoylation machinery is a spatially organizing system for peripheral
membrane proteins. Cell 141 (3), 458-471. doi:10.1016/.cell.2010.04.007

Saito, S., Ikeda, M., Iwata, N., Suzuki, T., Kitajima, T., Yamanouchi, Y., et al. (2005).
No association was found between a functional SNP in ZDHHCS and schizophrenia in a
Japanese case-control population. Neurosci. Lett. 374 (1), 21-24. doi:10.1016/j.neulet.
2004.10.015

Salaun, C., Greaves, J., Tomkinson, N. C. O., and Chamberlain, L. H. (2020). The linker
domain of the SNARE protein SNAP25 acts as a flexible molecular spacer that ensures
efficient S-acylation. J. Biol. Chem. 295 (21), 7501-7515. doi:10.1074/jbc.RA120.012726

Salaun, C., Ritchie, L., Greaves, J., Bushell, T. J., and Chamberlain, L. H. (2017). The
C-terminal domain of zDHHC2 contains distinct sorting signals that regulate
intracellular localisation in neurons and neuroendocrine cells. Mol. Cell Neurosci. 85
(1095-9327), 235-246. (Electronic). doi:10.1016/j.mcn.2017.07.007

Sanders, S. S., and Hayden, M. R. (2015). Aberrant palmitoylation in Huntington
disease. Biochem. Soc. Trans. 43 (2), 205-210. doi:10.1042/BST20140242

Sanders, S. S., Hernandez, L. M., Soh, H., Karnam, S., Walikonis, R. S., Tzingounis, A.
V., et al. (2020). The palmitoyl acyltransferase ZDHHCI14 controls Kvl-family
potassium channel clustering at the axon initial segment. Elife 9, e56058-084X.
(Electronic). doi:10.7554/eLife.56058

Schlag, F., Allegrini, A. G., Buitelaar, J., Verhoef, E., van Donkelaar, M., Plomin, R,,
et al. (2022). Polygenic risk for mental disorder reveals distinct association profiles
across social behaviour in the general population. Mol. Psychiatry 27 (3), 1588-1598.
doi:10.1038/541380-021-01419-0

Schmidt, M. F., and Schlesinger, M. J. (1979). Fatty acid binding to vesicular stomatitis
virus glycoprotein: a new type of post-translational modification of the viral
glycoprotein. Cell 17 (4), 813-819. doi:10.1016/0092-8674(79)90321-0

Frontiers in Pharmacology

15

10.3389/fphar.2023.1342830

Segal-Salto, M., Sapir, T., and Reiner, O. (2016). Reversible cysteine acylation
regulates the activity of human palmitoyl-protein thioesterase 1 (PPT1). PLoS One
11 (1), e0146466. doi:10.1371/journal.pone.0146466

Shafi, S., Singh, A., Gupta, P., Chawla, P. A, Fayaz, F., Sharma, A., et al. (2021).
Deciphering the role of aberrant protein post-translational modification in the
pathology of neurodegeneration. CNS Neurol. Disord. Drug Targets 20 (1), 54-67.
doi:10.2174/1871527319666200903162200

Shah, B. S., Shimell, J. J., and Bamji, S. X. (2019). Regulation of dendrite morphology
and excitatory synapse formation by zDHHCI5. J. Cell Sci. 132 (13), jcs230052. doi:10.
1242/jcs.230052

Shah, H. P. A, Parikh, V., Nagani, A., Bhimani, B., Shah, U., Bambharoliya, T, et al.
(2020). The B-secretase enzyme BACEL: a biochemical enigma for Alzheimer’s disease.
CNS  Neurol.  Disord. ~Drug Targets 19 (3), 184-194. doi:10.2174/
1871527319666200526144141

Shah, S. B,, Peddada, T. N,, Song, C., Mensah, M., Sung, H., Yavi, M,, et al. (2023).
Exome-wide association study of treatment-resistant depression suggests novel
treatment targets. Sci. Rep. 13 (1), 12467. doi:10.1038/s41598-023-38984-z

Shi, W., Wang, F.,, Gao, M, Yang, Y., Du, Z,, Wang, C,, et al. (2015). ZDHHC17 promotes
axon outgrowth by regulating TrkA-tubulin complex formation. Mol Cell. Neurosci. 68
(1095-9327), 194-202. (Electronic). doi:10.1016/j.mcn.2015.07.005

Shimell, J. J., Globa, A., Sepers, M. D., Wild, A. R., Matin, N., Raymond, L. A, et al.
(2021). Regulation of hippocampal excitatory synapses by the Zdhhc5 palmitoyl
acyltransferase. J. Cell Sci. 134 (9), jcs254276. doi:10.1242/jcs.254276

Shimell, J. J., Shah, B. S., Cain, S. M., Thouta, S., Kuhlmann, N., Tatarnikov, L, et al.
(2019). The X-linked intellectual disability gene Zdhhc9 is essential for dendrite
outgrowth and inhibitory synapse formation. Cell Rep. 29 (8), 2422-2437. e2428.
doi:10.1016/j.celrep.2019.10.065

Shin, H. D., Park, B. L., Bae, J. S., Park, T. J., Chun, J. Y., Park, C. S., et al. (2010).
Association of ZDHHC8 polymorphisms with smooth pursuit eye movement
abnormality. Am. J. Med. Genet. B Neuropsychiatr. Genet. 153B (6), 1167-1172.
doi:10.1002/ajmg.b.31083

Singaraja, R. R,, Hadano, S., Metzler, M., Givan, S., Wellington, C. L., Warby, S., et al.
(2002). HIP14, a novel ankyrin domain-containing protein, links huntingtin to
intracellular trafficking and endocytosis. Hum. Mol. Genet. 11, 2815-2828. doi:10.
1093/hmg/11.23.2815

Sohn, H., and Park, M. (2019). Palmitoylation-mediated synaptic regulation of
AMPA receptor trafficking and function. Arch. Pharm. Res. 42 (5), 426-435. doi:10.
1007/512272-019-01134-z

Song, J., Li, W., Yuan, C,, Gao, T., Lu, X,, Wang, L., et al. (2023). Changes in miR-134-
3p expression and zDHHC3-AMPARs axis in association with aluminum
neurotoxicity. Environ. Sci. Pollut. Res. Int. 30 (40), 92880-92890. doi:10.1007/
s11356-023-28901-2

Spinelli, M., Fusco, S., Mainardi, M., Scala, F., Natale, F., Lapenta, R., et al. (2017).
Brain insulin resistance impairs hippocampal synaptic plasticity and memory by
increasing GluA1l palmitoylation through FoxO3a. Nat. Commun. 8 (1), 2009. 2009.
doi:10.1038/s41467-017-02221-9

Stix, R., Lee, C. J., Faraldo-Gomez, J. D., and Banerjee, A. (2020). Structure and
mechanism of DHHC protein acyltransferases. J. Mol. Biol. 432 (18), 4983-4998. doi:10.
1016/j,jmb.2020.05.023

Sun, Y. M,, Zhang, Y. B,, and Wu, Z. Y. (2017). Huntington’s disease: relationship
between phenotype and genotype. Mol. Neurobiol. 54 (1), 342-348. doi:10.1007/s12035-
015-9662-8

Tang, F., Yang, C,, Li, F. P,, Yu, D. H,, Pan, Z. Y., Wang, Z. F., et al. (2022a). Palmitoyl
transferases act as potential regulators of tumor-infiltrating immune cells and glioma
progression. Mol. Ther. Nucleic Acids 28, 716-731. doi:10.1016/j.omtn.2022.04.030

Tang, F., Yang, C,, Li, F. P, Yu, D. H,, Pan, Z. Y., Wang, Z. F,, et al. (2022b). Palmitoyl
transferases act as potential regulators of tumor-infiltrating immune cells and glioma
progression. Mol. Ther. Nucleic Acids 28, 716-731. (Print), 716-731. doi:10.1016/j.omtn.
2022.04.030

Thomas, G. M., Hayashi, T., Chiu, S. L., Chen, C. M., and Huganir, R. L. (2012).
Palmitoylation by DHHC5/8 targets GRIP1 to dendritic endosomes to regulate AMPA-
R trafficking. Neuron 73 (3), 482-496. doi:10.1016/j.neuron.2011.11.021

Tonn Eisinger, K. R., Woolfrey, K. M., Swanson, S. P., Schnell, S. A., Meitzen, J.,
Dell’Acqua, M., et al. (2018). Palmitoylation of caveolin-1 is regulated by the same
DHHC acyltransferases that modify steroid hormone receptors. J. Biol. Chem. 293 (41),
15901-15911. doi:10.1074/jbc. RA118.004167

Vazquez, J. C., Martin de la Torre, O., Lopez Palome, J., and Redolar-Ripoll, D. (2022).
Effects of caffeine consumption on attention deficit hyperactivity disorder (ADHD)
treatment: a systematic review of animal studies. Nutrients 14 (4), 739. doi:10.3390/
nul4040739

Virlogeux A, S. C., Lenoir, S., Carpentier, R., Louessard, M., Genoux, A., Lino, P, et al.
(2021). Increasing brain palmitoylation rescues behavior and neuropathology in
Huntington disease mice. Sci. Adv. 7 (14), eabb0799. doi:10.1126/sciadv.abb0799

Wang, F., Chen, X,, Shi, W., Yao, L., Gao, M., Yang, Y., et al. (2015). Zdhhc15b
regulates differentiation of diencephalic dopaminergic neurons in zebrafish. J. Cell
Biochem. 116 (12), 2980-2991. doi:10.1002/jcb.25256

frontiersin.org


https://doi.org/10.1016/j.celrep.2020.108365
https://doi.org/10.1016/j.celrep.2020.108365
https://doi.org/10.1080/15548627.2021.1940610
https://doi.org/10.1016/j.jbc.2023.105088
https://doi.org/10.1016/j.jbc.2023.105088
https://doi.org/10.1016/j.schres.2013.01.011
https://doi.org/10.1186/s12967-022-03823-8
https://doi.org/10.1080/09687688.2019.1710274
https://doi.org/10.3389/fnmol.2023.1144066
https://doi.org/10.1038/s41398-019-0610-7
https://doi.org/10.1016/j.celrep.2018.09.085
https://doi.org/10.1016/j.celrep.2018.09.085
https://doi.org/10.1126/science.aao6326
https://doi.org/10.1126/science.aao6326
https://doi.org/10.1042/BST20180429
https://doi.org/10.1016/j.jchemneu.2017.01.002
https://doi.org/10.1086/513609
https://doi.org/10.1080/07391102.2016.1217275
https://doi.org/10.1016/j.cell.2010.04.007
https://doi.org/10.1016/j.neulet.2004.10.015
https://doi.org/10.1016/j.neulet.2004.10.015
https://doi.org/10.1074/jbc.RA120.012726
https://doi.org/10.1016/j.mcn.2017.07.007
https://doi.org/10.1042/BST20140242
https://doi.org/10.7554/eLife.56058
https://doi.org/10.1038/s41380-021-01419-0
https://doi.org/10.1016/0092-8674(79)90321-0
https://doi.org/10.1371/journal.pone.0146466
https://doi.org/10.2174/1871527319666200903162200
https://doi.org/10.1242/jcs.230052
https://doi.org/10.1242/jcs.230052
https://doi.org/10.2174/1871527319666200526144141
https://doi.org/10.2174/1871527319666200526144141
https://doi.org/10.1038/s41598-023-38984-z
https://doi.org/10.1016/j.mcn.2015.07.005
https://doi.org/10.1242/jcs.254276
https://doi.org/10.1016/j.celrep.2019.10.065
https://doi.org/10.1002/ajmg.b.31083
https://doi.org/10.1093/hmg/11.23.2815
https://doi.org/10.1093/hmg/11.23.2815
https://doi.org/10.1007/s12272-019-01134-z
https://doi.org/10.1007/s12272-019-01134-z
https://doi.org/10.1007/s11356-023-28901-2
https://doi.org/10.1007/s11356-023-28901-2
https://doi.org/10.1038/s41467-017-02221-9
https://doi.org/10.1016/j.jmb.2020.05.023
https://doi.org/10.1016/j.jmb.2020.05.023
https://doi.org/10.1007/s12035-015-9662-8
https://doi.org/10.1007/s12035-015-9662-8
https://doi.org/10.1016/j.omtn.2022.04.030
https://doi.org/10.1016/j.omtn.2022.04.030
https://doi.org/10.1016/j.omtn.2022.04.030
https://doi.org/10.1016/j.neuron.2011.11.021
https://doi.org/10.1074/jbc.RA118.004167
https://doi.org/10.3390/nu14040739
https://doi.org/10.3390/nu14040739
https://doi.org/10.1126/sciadv.abb0799
https://doi.org/10.1002/jcb.25256
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

Liao et al.

Wang, H.,, Kulas, J. A., Wang, C., Holtzman, D. M., Ferris, H. A, and Hansen, S. B. (2021).
Regulation of beta-amyloid production in neurons by astrocyte-derived cholesterol. Proc.
Natl. Acad. Sci. U. S. A. 118 (33), €2102191118. doi:10.1073/pnas.2102191118

Wang, X., Qian, P., Cui, H,, Yao, L., and Yuan, J. (2020). A protein palmitoylation
cascade regulates microtubule cytoskeleton integrity in Plasmodium. EMBO J. 39 (13),
€104168-€104122. €104168. doi:10.15252/embj.2019104168

Wen, W,, Li, P,, Liu, P., Xu, S., Wang, F., and Huang, J. H. (2022). Post-Translational
modifications of BACEl in Alzheimer’s disease. Curr. Neuropharmacol. 20 (1),
211-222. doi:10.2174/1570159X19666210121163224

Woodin, M., Aleman, D., McDonald-McGinn, D., Zackai, E., and Moss, E. (2001).
Neuropsychological profile of children and adolescents with the 22q11.2 microdeletion.
Genet. Med. 3 (1), 34-39. doi:10.1097/00125817-200101000-00008

Yang, Q, Zheng, F,, Hu, Y., Yang, Y, Li, Y., Chen, G, et al. (2018). ZDHHCS critically
regulates seizure susceptibility in epilepsy. Cell Death Dis. 9 (8), 795. doi:10.1038/s41419-018-
0842-0

Yang, X, Chatterjee, V., Ma, Y., Zheng, E., and Yuan, S. Y. (2020) Protein
palmitoylation in leukocyte signaling and function. Front. Cell Dev. Biol. 8
600368-634X. (Print), 600368. doi:10.3389/fcell.2020.600368

You, M., Wu, F., Gao, M., Chen, M., Zeng, S., Zhang, Y., et al. (2022) Selenoprotein K
contributes to CD36 subcellular trafficking in hepatocytes by accelerating nascent
COPII vesicle formation and aggravates hepatic steatosis. Redox Biol. 57,102500. doi:10.
1016/j.redox.2022.102500

Zaballa, M. E., and van der Goot, F. G. (2018). The molecular era of protein
S-acylation: spotlight on structure, mechanisms, and dynamics. Crit. Rev. Biochem.
Mol. Biol. 53 (4), 420-451. doi:10.1080/10409238.2018.1488804

Zareba-Koziol, M., Figiel, I, Bartkowiak-Kaczmarek, A., and Wlodarczyk, J. (2018).
Insights into protein S-palmitoylation in synaptic plasticity and neurological disorders:
potential and limitations of methods for detection and analysis. Front. Mol. Neurosci.
11, 175. doi:10.3389/fnmol.2018.00175

Frontiers in Pharmacology

16

10.3389/fphar.2023.1342830

Zeppelin, T., Pedersen, K. B, Berglund, N. A,, Periole, X., and Schiott, B. (2021). Effect
of palmitoylation on the dimer formation of the human dopamine transporter. Sci. Rep.
11 (1), 4164. doi:10.1038/s41598-021-83374-y

Zhang, H., Li, X., Ma, C., Wang, K., Zhou, J., Chen, J., et al. (2020). Fine-mapping of
ZDHHC2 identifies risk variants for schizophrenia in the Han Chinese population. Mol.
Genet. Genomic Med. 8 (7), €1190. doi:10.1002/mgg3.1190

Zhang, P., Kishimoto, Y., Grammatikakis, I., Gottimukkala, K., Cutler, R. G., Zhang,
S., et al. (2019). Senolytic therapy alleviates Ap-associated oligodendrocyte progenitor
cell senescence and cognitive deficits in an Alzheimer’s disease model. Nat. Neurosci. 22
(5), 719-728. doi:10.1038/541593-019-0372-9

Zhang, X. L., Ding, H. H, Xu, T, Liu, M,, Ma, C,, Wu, S. L, et al. (2018).
Palmitoylation of delta-catenin promotes kinesin-mediated membrane trafficking of
Na(v)1.6 in sensory neurons to promote neuropathic pain. Sci. Signal 11 (523),
eaar4394. doi:10.1126/scisignal.aar4394

Zhang, Z., Li, X,, Yang, F., Chen, C,, Liu, P, Ren, Y., et al. (2021). DHHC9-mediated
GLUT1 S-palmitoylation promotes glioblastoma glycolysis and tumorigenesis. Nat.
Commun. 12 (1), 5872. doi:10.1038/s41467-021-26180-4

Zhao, Y., He, A., Zhu, F, Ding, M., Hao, J., Fan, Q., et al. (2018). Integrating
genome-wide association study and expression quantitative trait locus study
identifies multiple genes and gene sets associated with schizophrenia. Prog.
Neuropsychopharmacol. Biol. Psychiatry 81, 50-54. doi:10.1016/j.pnpbp.2017.
10.003

Zhou, B., Wang, Y., Yan, Y., Mariscal, J., Di Vizio, D., Freeman, M. R,, et al. (2019).
Low-background acyl-biotinyl exchange largely eliminates the coisolation of non-S-
acylated proteins and enables deep S-acylproteomic analysis. Anal. Chem. 91 (15),
9858-9866. doi:10.1021/acs.analchem.9b01520

Zmuda, F., and Chamberlain, L. H. (2020). Regulatory effects of post-translational
modifications on zDHHC S-acyltransferases. J. Biol. Chem. 295 (43), 14640-14652.
doi:10.1074/jbc.REV120.014717

frontiersin.org


https://doi.org/10.1073/pnas.2102191118
https://doi.org/10.15252/embj.2019104168
https://doi.org/10.2174/1570159X19666210121163224
https://doi.org/10.1097/00125817-200101000-00008
https://doi.org/10.1038/s41419-018-0842-0
https://doi.org/10.1038/s41419-018-0842-0
https://doi.org/10.3389/fcell.2020.600368
https://doi.org/10.1016/j.redox.2022.102500
https://doi.org/10.1016/j.redox.2022.102500
https://doi.org/10.1080/10409238.2018.1488804
https://doi.org/10.3389/fnmol.2018.00175
https://doi.org/10.1038/s41598-021-83374-y
https://doi.org/10.1002/mgg3.1190
https://doi.org/10.1038/s41593-019-0372-9
https://doi.org/10.1126/scisignal.aar4394
https://doi.org/10.1038/s41467-021-26180-4
https://doi.org/10.1016/j.pnpbp.2017.10.003
https://doi.org/10.1016/j.pnpbp.2017.10.003
https://doi.org/10.1021/acs.analchem.9b01520
https://doi.org/10.1074/jbc.REV120.014717
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1342830

	The role of s-palmitoylation in neurological diseases: implication for zDHHC family
	1 Introduction
	2 The zDHHC family of protein acyltransferases
	2.1 The discovery of zDHHC proteins
	2.2 The structure of zDHHC proteins

	3 The catalytic mechanism of zDHHCs
	3.1 Autopalmitoylation of zDHHC proteins
	3.2 zDHHC protein substrate recognition

	4 Role of zDHHCs in neurobiology
	4.1 zDHHC in neuronal cytosol
	4.1.1 zDHHCs and the Golgi apparatus
	4.1.2 zDHHCs and the ER

	4.2 zDHHCs in neuronal dendrites
	4.2.1 zDHHCs and glutamate receptors
	4.2.2 zDHHCs and scaffold proteins

	4.3 zDHHCs in neuronal axons

	5 The role of zDHHC in neurological diseases
	5.1 zDHHCs in AD
	5.2 zDHHCs in HD
	5.3 zDHHCs in SCZ
	5.4 zDHHCs in XLID
	5.5 zDHHCs in ADHD
	5.6 zDHHCs in glioma
	5.7 zDHHCS and other neurological disorders

	6 Future prospects
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


